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Out of Mexico? Scientists Ponder 
Swine Flu’s Origins 


Devilish Dilemmas Surround 
Pandemic Flu Vaccine 


From the Science Policy Blog 
What Role for Antiviral Drugs? 


Newsmaker Interview: Corey Goodman, 
Post-Pfizer, on the Allure of Enterprise 


Army Bans Pathogen Work at Lab 
After Security Lapse 


DOE Commits $777 Million to Apply 
Basic Science to Urgent Problems 


Fermi Data Dim Dark-Matter Claim 


From Science's Online Daily News Site 


Science 


COVER 


Interactions between microbes and plants can vary widely, 
depending upon the context and the partners of the interaction. 

An Editorial on page 691 and a collection of Perspectives starting 
on page 742 discuss recent advances in our understanding of the 
biochemistry, signaling, and ecosystem dynamics that reflect how 
microbes and plants interact. 
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D. J. Conley et al. 
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O. Santolik and J. Chum 
>> Report p. 775 
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M. K. Jones and X. Liu 
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P. Haggard 
>> Report p. 811 
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C. H. Greene et al. 
>> Report p. 791 
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736 Elemental Composition 
of the Martian Crust 
H. Y. McSween Jr. et al. 
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758 AGene Necessary for Reproductive 
Suppression in Termites 
J. Korb et al. 
Knocking out the Neofem2 gene in queen 
termites illicits pre-reproductive behavior 
in workers. 


RESEARCH ARTICLE 


759 Representation of Confidence Associated 
with a Decision by Neurons in the 
Parietal Cortex 
R. Kiani and M. N. Shadlen 
Neurons in the primate parietal cortex encode 
information required to make a decision and 
also the certainty of that choice. 


REPORTS 


764 Characterization of Multipartite 
Entanglement for One Photon Shared 
Among Four Optical Modes 
S. B. Papp et al. 

Sharing a single photon between four optical 
modes creates entangled states that could be 
used in quantum information processing. 


768 N-Doping of Graphene Through 
Electrothermal Reactions with Ammonia 
X. Wang et al. 
The edges of graphene nanoribbons incorporate 


nitrogen atoms after heating in an atmosphere 
of ammonia. 


772 An Experimental Design Method Leading 
to Chemical Turing Patterns 
J. Horvath et al. 
Three design criteria were used to create 
sustained stationary patterns in the 
thiourea-iodate-sulfite reaction system. 


775 An Observation Linking the Origin 
of Plasmaspheric Hiss to Discrete 
Chorus Emissions 
J. Bortnik et al. 

The radio waves that remove energetic 
electrons from Earth’s radiation belts 
originate outside the plasmasphere. 
>> Perspective p. 729 


778 The Role of Aerosols in the Evolution of 
Tropical North Atlantic Ocean Temperature 
Anomalies 
A. T. Evan et al. 

Changes in tropical North Atlantic sea surface 
temperatures are caused by variability in 
atmospheric aerosol abundances. 
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UV Absorption Cross Sections of CLOOCI Are 
Consistent with Ozone Degradation Models 
H.-Y. Chen et al. 

Measurements of how well CLOOCIL molecules 
absorb ultraviolet light support standard 
models of chlorine-induced ozone degradation. 


Host Inhibition of a Bacterial Virulence 
Effector Triggers Immunity to Infection 
V. Ntoukakis et al. 

An enzyme in tomato targets bacterial 


virulence to change the outcome of infection 
from susceptibility to immunity. 


Development of a Second-Generation 
Antiandrogen for Treatment of Advanced 
Prostate Cancer 

C. Tran et al. 

A drug that binds to the androgen receptor 
acts by disrupting its activity in the cell 
nucleus. 


Basin-Scale Coherence in Phenology of 
Shrimps and Phytoplankton in the North 
Atlantic Ocean 

P. Koeller et al. 

Shrimp reproduction is primed by bottom 
temperature and not directly by cues from the 
spring phytoplankton bloom. 

>> Perspective p. 733 


Apicomplexan Parasites Co-Opt Host 
Calpains to Facilitate Their Escape 

from Infected Cells 

R. Chandramohanadas et al. 

A host protease helps newly replicated microbial 
parasites escape from incubator cells. 


Human Induced Pluripotent Stem Cells 
Free of Vector and Transgene Sequences 
J. Yu et al. 

Human induced pluripotent stem cells can be 
generated without integration of exogenous 
DNA into their genomes. 


Benzothiazinones Kill Mycobacterium 
tuberculosis by Blocking Arabinan 
Synthesis 

V. Makarov et al. 

An isomerase required for cell-wall synthesis 
is a target for an alternative drug lead for 
tuberculosis treatment. 


Mammalian Expression of Infrared 
Fluorescent Proteins Engineered 

from a Bacterial Phytochrome 

X. Shu et al. 

An engineered infrared fluorescent protein 
derived from an extremophile bacterium gives 
a strong signal in mammalian cells. 

>> Science Podcast 


High-Throughput Sequencing of 

the Zebrafish Antibody Repertoire 

J. A. Weinstein et al. 

Sequencing of immunoglobulin messenger 
RNA characterizes the diversity of the 
antibody repertoire in individual zebrafish. 
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Movement Intention After Parietal Cortex 
Stimulation in Humans 

M. Desmurget et al. 

Stimulation of the parietal cortex causes 
subjects to report having moved, even 

in the absence of actual motor responses. 
>> Perspective p. 731 
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Greater Transportation Energy and GHG 
Offsets from Bioelectricity Than Ethanol 

J. E. Campbell et al. 

Electric vehicles powered by electricity made 
from biofuels are more efficient than vehicles 
fueled by bioethanol. 
10.1126/science.1168885 

>> Science Podcast 


Large-Area Synthesis of High-Quality and 
Uniform Graphene Films on Copper Foils 

X. Liet al. 

Predominantly single-layer graphene films grow 
ina self-limited manner on copper and can be 
transferred to other substrates. 
10.1126/science.1171245 


IL-21 Is Required to Control Chronic 

Viral Infection 

H. Elsaesser et al. 

Interleukin-21 produced by CD4* T cells helps 

CD8* T cells control viral infection in a mouse model. 
10.1126/science.1174182 


Recruitment of an Area Involved in 

Eye Movements During Mental Arithmetic 
A. Knops et al. 

Addition and subtraction are encoded in the 
same part of the brain that is responsible for 
eye movements and spatial attention. 
10.1126/science.1171599 


Fluorescent False Neurotransmitters 

Visualize Dopamine Release from 

Individual Presynaptic Terminals 

N. G. Gubernator et al. 

Optical tracking of neurotransmitter release 

in the brain reveals multiple synaptic populations 
that depend on brain activity. 
10.1126/science.1172278 
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Running Amok in the Milky Way 

Hundreds of rogue black holes could be 

prowling the galaxy. 

Narcolepsy: A Case of the Body Attacking Itself? 
New findings suggest that the sleep disorder 


is an autoimmune disease. 


Did Mars’s Magnetic Field Die With a 
Whimper or a Bang? 


Study suggests massive asteroids could have released 
enough heat to shut down the Red Planet’s dynamo. 
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RESEARCH ARTICLE: Complexity in 
Transcription Control at the Activation 
Domain—Mediator Interface 

M. A. Balamotis et al. 

Transcriptional activation kinetics vary in different 
cell types, in part because related transcription 
factors make alternative mediator interactions. 


PERSPECTIVE: Nitric Oxide Links Mitochondrial 
Fission to Alzheimer’s Disease 

B. Westermann 

Amyloid B-induced nitrosylation of a GTPase involved 
in mitochondrial fission is neurotoxic. 


PERSPECTIVE: Fragile Axons Forge the Path 

to Gene Discovery—A MAP Kinase Pathway 
Regulates Axon Regeneration 

G. S. O’Brien and A. Sagasti 

In Caenorhabditis elegans, a mitogen-activated 
protein kinase pathway is required for regenerative, 
but not developmental, axon outgrowth. 
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A. G. Levine 
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INFINITE POSSIBILITIES 


NEB introduces SNAP-tag™ and CLIP-tag™ protein labeling systems. These innovative technologies provide simplicity and 
extraordinary versatility to the imaging of mammalian proteins im vivo, and to protein capture experiments in vitro. The creation of a 
single genetic construct generates a fusion protein which, when covalently attached to a variety of fluorophores, biotin, or beads 


provides a powerful tool for studying the role of proteins in living and fixed cells. 
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and counterstained with Hoechst 33342 (blue) for nuclei. 


EDITED BY STELLA HURTLEY 


<< Fine-Tuning Fisheries 


The past decade has seen a tremendous increase in our understand- 
ing of how climate anomalies affect hydrographic properties in 
North Atlantic Shelf ecosystems, but less about how these events 
impact organisms. Koeller et al. (p. 791, see the Perspective by 
Greene et al.) measured the egg incubation and hatching times of 
an important fisheries resource, the pink North Atlantic shrimp, at a 
variety of locations and compared them to the timing of the local 
spring phytoplankton bloom. Shrimp reproduction was determined 
locally by bottom-water temperatures and was not directly coupled 
with the spring bloom. While the local bottom temperatures and 
bloom timing are well-matched in general, and match egg hatching 
to food availability, this evolved relationship can be decoupled by 
interannual variability and climate change. 


CREDITS (TOP TO BOTTOM): DEPARTMENT OF FISHERIES AND OCEANS CANADA; HORVATH ET AL. 


Mars Matters 


Several decades of exploration by orbiting and in 
situ spacecraft, together with analysis of martian 
meteorites, have resulted in a wealth of data on 
the chemical composition of Mars’ crust. 
McSween et al. (p. 736) review these data, 
which help infer the planet's geological history, 
discrediting previous ideas suggesting Mars had 
a wet mantle—similar to that of Earth—and 
cautioning that martian meteorites are not rep- 
resentative of the planet's crust. 


Negatively Doped 
Graphene Nanoribbons 


The potential applications in electronic devices 
of graphene (single atom, thick layers of 
graphite) would be even greater if it can be 
accessed in both p- and n-doped forms. 
Graphene nanoribbons (long strips only tens of 
nanometers in width) are readily p-doped by 
adsorbates from the ambient atmosphere. Wang 
et al. (p. 768) show that when graphene nano- 
ribbons are electrically heated in an ammonia 
atmosphere, nitrogen is incorporated mainly at the 
edges of the ribbon and creates an n-type mate- 
rial. Field-effect transistors that operate at room 
temperature can be made from this material. 


Decisive Monkeys 


Decision-making is a central theme in current 
research in cognitive neuroscience. Behavioral 
protocols have provided an entry into explo- 
rations of the neural processes that underlie 
decision-making. Empirical studies have pro- 
vided support for a diffusion model in which 
information accumulates over time until a 
threshold is reached, with noisiness in the 
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inputs related to decision errors. Kiani and 
Shadlen (p. 759) developed a behavioral task 
to study choice certainty and identified the cor- 
responding neuronal representations in mon- 
keys. The monkeys were allowed to choose to 
opt out of an uncertain, higher reward choice in 
favor of a certain, lower payoff. The same neu- 
rons that encoded the information used to 
make a choice also encoded the extent of cer- 
tainty, which in humans would be described as 
the degree of confidence in one’s decision. 


Adding a Turing 
Pattern Reaction 


Two chemical-reaction systems can form sus- 
tained stationary patterns (Turing 

patterns) in solution as the 
result of the movement 

of a diffusible species 
and the formation of 
negative feedback 
loops—the chlorite- 
iodide—malonic 

acid reaction and 

the ferrocyanide- 
iodate-sulfite reaction. 
Horvath et al. (p. 772) 
set out to find other exam- 
ples based on three criteria— 

that the reaction can develop spatial bistability, 
that independent control of the negative feed- 
back reaction can be achieved, and the activat- 
ing and inhibiting processes can be decoupled 
by slowing down the diffusing species with a 
complexing agent. The thiourea-iodate-sulfite 
(TulS) reaction could be developed into a sys- 
tem that produced different stationary patterns, 
including stripes and hexagonal arrays of spots. 


Published by AAAS 


Thus, such Turing pattern—generating reactions 
are not necessarily uncommon. 


Chorus Hissing 


Plasmaspheric hiss, a type of unstructured 
broadband, low-frequency radio emission, has 
long been known to exist in Earth’s plasma- 
sphere, but its origin has been uncertain. The 
source of hiss could be a different type of radio 
wave, called chorus, which originates outside the 
plasmasphere during geomagnetic storms. Both 
types of radio wave influence the behavior of 
energetic electrons in the near-Earth space envi- 
ronment, with implications for spacecraft and 
astronaut safety, but a correlation between the 
two has been difficult to establish experimen- 
tally. Recently, two of the five satellites of the 
THEMIS constellation were fortuitously able to 
record 4 minutes of electromagnetic wave 
data at high resolution during geomagnet- 

ically active conditions, detecting both 

chorus and hiss. An analysis of the data 
} by Bortnik et al. (p. 775; see the Per- 

spective by Santolik and Chum) 

revealed that the two sets of waves were 

well correlated, with hiss lagging behind 

chorus as expected, implying that one 
indeed evolved into the other. 


Dust in the Wind 


The temperature of North Atlantic surface waters 
has a major effect on climate in a variety of 
ways, not least because its heat content helps to 
control hurricane formation and strength. The 
North Atlantic surface has warmed considerably 
in recent decades, a trend generally associated 
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This Week in Science 


Continued from page 687 


with global or regional air temperature increases, or with changes in ocean circulation. Evan et al. 
(p. 778, published online 26 March) use nearly 30 years of satellite data to examine another source 
of ocean temperature variability, the radiative effects of atmospheric aerosols. Low frequency changes 
in local tropical North Atlantic surface temperatures seem mostly to be caused by variability in min- 
eral and stratospheric aerosol abundances. Thus, to provide more accurate projections of these tem- 
peratures, general circulation models will need to account for long-term changes in dust loadings. 


A Second Act for Antiandrogens 


Men with advanced prostate cancer are often treated with antiandrogens; drugs that inhibit the 
activity of male hormones, such as testosterone, that help drive tumor growth. Many of these 
drugs act by functionally disrupting the androgen receptor (AR), a transcriptional regulator of cell 
proliferation, but tumors eventually become resistant to the drugs by expressing higher levels of 
the AR. Tran et al. (p. 787, published online 9 April) have developed a “second-generation” 
antiandrogen, a thiohydantoin called MDV3100, which binds the AR with high affinity. MDV3100 
retains its anticancer activity in cell culture and in mouse models even when AR levels are ele- 
vated. The drug appears to act both by inhibiting translocation of the AR into the nucleus and by 
reducing its transcriptional activity. MDV3100 is being tested in patients with advanced prostate 
cancer, the first group of which have shown a decline in blood levels of a marker of cancer 
growth, prostate-specific antigen. 


Where in the brain are our intentions formed and how do we 
become aware of these intentions? Desmurget et al. 
(p. 811; see the Perspective by Haggard) investigated 
the effect of direct cortical stimulation of parietal and 
premotor regions in patients undergoing brain surgery 
for tumor removal. Stimulation of the parietal lobe pro- 
voked the conscious experience of wanting to move the 
upper limb, lips, or tongue without any concomitant motor 
activity. When stimulation intensity was increased, patients believed 
J that they had actually moved or talked, but again no muscle activity was 
detected. When, however, the premotor region of the frontal lobes was stimulated, 
real complex multijoint movements were induced. However, patients did not experience these move- 
ments as produced by a conscious internal act of will. Indeed, they were not even aware that they had 
moved. Increasing stimulation intensity increased the amplitude or complexity of the movement but 
never made it reach consciousness. 


Let Me Out 


Apicomplexan parasites like Plasmodium falciparum, which causes malaria, and Toxoplasma gondii, 
which cause toxoplasmosis, replicate inside animal host cells. In order for infections to spread suc- 
cessfully within the host from cell to cell, daughter parasites after replication need to be able to 
escape from their incubator cell. In the course of studies intended to elucidate the functions of pro- 
teases during parasite infection, Chandramohanadas et al. (p. 794, published online 2 April) noted 
that host cell calpain is the only protease present at the right time and place to facilitate the egress of 
malaria parasites from infected red blood cells. Parasite egress from infected resealed erythrocytes 
was prevented when calpain was removed. Moreover, 7. gondii was unable to escape efficiently from 
murine fibroblast knockouts lacking a calpain regulatory subunit. 


Infrared Vision 


Proteins from jellyfish and corals that fluoresce in the visible wavelength range have revolutionized 
optical imaging of cells. However, these wavelengths are absorbed by hemoglobin, water, and lipids 
and the proteins are thus not appropriate for deep-tissue imaging. Now Shu et al. (p. 804) have 
engineered a bacteriophytochrome from Deinococcus radiodurans that incorporates biliverdin as the 
chromophore, to fluoresce with excitation and emission spectra of 648 and 708 nanometers, respec- 
tively. These infrared fluorescent proteins are expressed well in mammalian cells and mice, and can 
be used for whole-body imaging. 
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FDITORIAL 


Next-Generation Communication 


IN THE PAST DECADE, THERE HAVE BEEN MAJOR ADVANCES IN OUR UNDERSTANDING OF THE 
molecular interplay between plants and various classes of microbial pathogens (bacteria, fungi, 
oomycetes, viruses, and nematodes) and microbial symbionts (rhizobia or mycorrhizal fungi). 
These fundamental insights, reviewed in a special section in this issue (p. 741), provide a con- 
ceptual framework for rational human intervention through the breeding or engineering of 
crops for durable and broad-spectrum disease resistance. However, such engineered plants will 
eventually be deployed into soils of varying geochemistry that harbor a staggering diversity of 
microbes. Many of these microbes can associate intimately with crops or other plants in 
natural habitats. A deeper understanding of plant-associated microbial communities is likely to 
offer exciting opportunities for controlling plant growth and pathogen burden in sustainable 
agricultural settings over the next two decades. 

Genetics and molecular biology, and a focus on well-characterized model systems, uncov- 
ered the logic of an elaborate plant innate immune system. Additionally, the cellular signaling 
networks that determine legume nodule symbioses and mycorrhizal asso- 
ciations overlap, suggesting that molecular components of these 
“legume-specific” networks have clear non-legume counterparts. These 
findings revitalize prospects for the development of low-input agricul- 
ture, in which nitrogen-fixing bacteria and mycorrhizal-stimulated phos- 
phate release are harnessed to reduce or replace the need for nitrogen- 
and phosphate-based fertilizers. But parasitic and symbiotic associations 
between plants and microbes are merely the two extreme outcomes of a 
continuum of interorganismal interactions affecting plant productivity. 
Remarkably little is understood about plant-microbe interactions that 
are, at first glance, symptomless. Complex communities of poorly stud- 
ied plant-associated microbes are an untapped reservoir that can promote 
plant health and productivity. 

One gram of soil typically contains ~10!° bacteria. Microbial DNA fingerprints from plant 
roots (the rhizosphere) or aerial organs (the phyllosphere) have uncovered specific microbial 
communities—microbiomes—thriving on the surface of or within healthy plant tissue. For 
instance, rhizosphere microbiomes attached to, and within the first few millimeters away from, 
the root surface are distinct from those in bulk soil, suggesting specific colonization events. 
Moreover, rhizosphere microbiomes of bacteria and fungi typically differ between plant species. 
The organic carbon flux from roots promotes the growth of microbial decomposers that, in turn, 
recycle plant nutrients for root uptake by transpiration-driven water fluxes. Seedlings exude 30 
to 40%, and adult plants 20%, of photosynthetically fixed carbon into the rhizosphere in the 
form of poorly characterized rhizodeposits. This extrusion of nutrients outside the plant raises 
fundamental questions: Do plants feed and structure microbial rhizosphere communities to their 
advantage, and if so, how? Is the taxonomic diversity of microbiota related to the functional 
diversity of food webs? Can the notoriously low heritability of plant growth be accounted for by 
large environmental interactions with microbial assemblies in the rhizosphere, which are in turn 
influenced by soil types? Purified isolates of rhizosphere-derived bacteria or fungi can promote 
plant growth, and a subset of rhizobacteria can suppress the growth of other soil-borne 
pathogens. Thus, the rhizosphere microbiome is likely to tune both maximal plant 
growth-promoting and protective functions. 

Profiling techniques currently used to assess microbial population structure discriminate 
genetic fingerprints only at the species level. Advanced DNA sequencing technologies applied 
to rhizosphere and phyllosphere samples could overcome this limitation to define interspecies 
community structures. Ironically, very few studies have investigated the microbial populations 
inhabiting either Arabidopsis thaliana or model legumes. These model plants, and selected 
major crops such as corn and rice, provide superb genetic and genomic platforms for dissecting 
the organization and functions of rhizosphere and phyllosphere communities, and for identify- 
ing the plant loci that contribute to their formation. 


—Ton Bisseling, Jeffery L. Dangl, Paul Schulze-Lefert 


10.1126/science.1174404 
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EDITED BY GILBERT CHIN AND JAKE YESTON 


EVOLUTION 
Putting Off Growing Old 


In a classic 1957 paper on the evolution of senescence, Williams argued that when extrinsic 
mortality (death due to predation, infectious disease, or accident) is high, natural selection 
favors investment in early reproduction. When it is low, the increased return from allocating 
resources to maintain and repair the soma should lead to longer life spans. In the absence of 
precise information on causes of death, researchers have used hazard models to partition mor- 
tality into age-independent (interpreted as extrinsic) and age-dependent components. 

Taking this approach, Gurven and Fenelon analyze mortality data from 13 remote, small- 
scale societies and in historical cohorts from Sweden and England over the past 250 years. 
They explore two statistical models (Weibull and Gompertz-Makeham) of adult mortality pat- 
terns and consider three measures of actuarial aging (mortality rate doubling time, Ricklefs’s 

, and slope of the mortality function between ages 60 and 70). The variation in results across 
these two estimation procedures and three measures complicates the interpretation of the 
data. Nonetheless, some patterns are robust: The subsistence groups and the early Swedish 
cohorts exhibit similar actuarial aging, but more recent European cohorts show progressively 
slower aging. In the longitudinal samples, slower aging and reduced extrinsic mortality are 
linked. Women have lower rates of senescence than men, a difference that has increased over 
time. These “modest but nontrivial” changes support Williams’s claims, and the authors dis- 
cuss individual-level mechanisms that could underlie them. — SJS 

Evolution 63, 1017 (2009). 


SIGNAL TRANSDUCTION 
Adaptable Transducers 


The o subunits of heterotrimeric guanine 


nucleotide—binding proteins (G proteins) associ- 
ate with G protein-coupled receptors (GPCRs) at 


the cell membrane and transduce signals 


affect a range of physiological processes. Yet 


there have been hints that Ga subunits m 


have other signaling roles as well. Cao et al. 
found that mouse fibroblasts lacking the Gar, 


and Go, proteins had impaired signaling 


through the epidermal growth factor receptor 


(EGFR), a receptor with a signaling mechanism 
distinct from that of GPCRs. The protein Gab1 
binds to activated EGFR and links it to activation 
of downstream proteins. The authors show that 
Go, is required for this association and that in 
cells stimulated with EGF, Go, and Gor, are 
present in a complex with Gab1 and EGFR. The 
effects of EGF on cell survival, proliferation, and 
ay migration were all dependent on signaling 
through Go proteins, suggesting that Go, pro- 
teins might become the targets of therapies 
aimed at squelching cancer cells. — LBR 

Sci. Signal. 2, ra17 (2009). 
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CHEMISTRY 
Put On a Platinum Face 


Precious metals such as platinum are widely 
used in industrial catalysts. One way to reduce 
the amount of precious metal used—and hence 
the cost of the catalyst—is to create core-shell 
particles in which a core consisting of a cheaper, 
nonprecious metal is surrounded by a precious- 
metal shell. Methods for creating such particles, 
such as high-temperature treatment and chemi- 
cal leaching, commonly lead to the loss of active 
surface area as a result of reduced particle sizes. 
Mayrhofer et al. report a method in which car- 
bon monoxide (CO) adsorption causes surface 
segregation of platinum in a platinum-cobalt 
catalyst. The authors explored both gas-phase 
and electrochemical treatments, both of which 
lead to particles with an alloy core and a plat- 
inum shell, as evidenced by cyclic voltammetry 
and CO stripping measurements. The modified 
catalysts have higher activity than the untreated 
system in the oxygen reduction reaction. Parti- 
cle sizes remain unaltered, without the loss of 
active surface area. — JFU 

Angew. Chem. Int. Ed. 48, 3529 (2009). 


BIOCHEMISTRY 
Burning Off a Carbon 


Streptomycetes are bacterial drug designers, 
synthesizing a cornucopia of natural products 
that have found their way onto pharmacists’ 
shelves worldwide. The precursor to one such 
compound, mithramycin, contains di- and tri- 
saccharide chains (green and yellow) linked to 
a tetracyclic polyketide. In 
a subsequent down- 
sizing reaction, 
dioxygen is acti- 
vated by attach- 
ing it to FADH 
(black) at C4a 
(red), and the 
resulting peroxy- 
flavin attacks the 
ketone at C1 (red) 
of premithramycin B 
(blue) in a Baeyer-Villiger 
oxidation. The consequences are 
that one of the rings can then be opened by 
hydrolysis of the lactone, and one of the carbon 
atoms can be removed via decarboxylation. Beam 
et al. describe the crystal structure of the Baeyer- 
Continued on page 695 
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Villiger monooxygenase MtmOIV (gray) and the 
binding of FAD and premithramycin in the 
active site. Of particular interest are the 
residues that allow the enzyme to accommodate 
the saccharide chains, as these are prime tar- 
gets for modifications aimed at enhancing the 
activity of mithramycin as a DNA cross-linking 
agent and at decreasing its toxicity. — GJC 
Biochemistry 48, 10.1021/bi8023509 (2009). 


MATERIALS SCIENCE 
Shrugging Off Grime 


To prevent the accumulation of unwanted 
microorganisms, plants, and animals on sur- 
faces exposed to a marine environment, coat- 
ings are applied to the submerged surface. 
One challenge in creating such a coating is 
that the critical length scales involved in 
organism attachment range from hundreds of 
nanometers to centimeters. Efimenko et al. 
have developed polymer coatings that possess 
a hierarchical wrinkled structure. They 
stretched and then cross-linked the surface of 
poly(dimethylsiloxane), after which they 
applied a fluorinated silane monolayer. On 
gentle relaxation of the stress, a rippled sur- 
face layer formed, wherein each wrinkle had 
smaller-scale wrinkles on top of it that them- 
selves bore even smaller wrinkles, proceeding 
over five generations. In seawater tests, flat 
polymer films showed fouling after a few 


Flat (top) and wrinkle-protected samples. 


weeks, whereas the wrinkled polymers resisted 
barnacle accumulation over a period of 18 
months. In tests on the adhesion of green 
algae zoospores, the wrinkled films performed 
less well, as the spores could nestle and be 
protected from shear flows and physical con- 
tacts within the wrinkles. However, a combina- 
tion of topology and the right surface chem- 
istry conferred improved resistance, pointing 
toward development of a nontoxic universal 
antifouling coating. — MSL 

ACS Appl. Mater. Interfaces 1, 10.1021/ 

am9000562 (2009). 


EDITORS'CHOICE 


EVOLUTION 
No Time for Rest 


In the history of life, the Ediacaran Period is 
marked by an enigmatic collection of macro- 
scopic fossils that record the appearance of ani- 
mals that often took the form of discs, bags, or 
quilted sheets. Simultaneously, highly orna- 
mented microfossils of an unusual size (>100 
lum) appeared in the geological record. Like that 
of their macro brethren, the origin of these 
microfossils has remained something of a puzzle. 

Using a process of elimination, Cohen et al. 
argue that many of these ornamented microfos- 
sils were in fact cysts—the resting stages of 
multicellular animals. Their large size and dis- 
tinct lipid content exclude dinoflagellates as the 
culprits, and their size and spiny surfaces simi- 
larly argue against their being the remains of 
prasinophyte algae. The microfossils have com- 
plex and layered outer walls, distinct from vari- 
ous modern algal forms but similar to the dia- 
pause cysts of present-day brine shrimp. Encyst- 
ment is a self-preservation response to an 
inconstant and potentially lethal environment, 
which may have been a chronic problem in the 
anoxic seas of the early- and mid-Ediacaran. 
This idea is reinforced by the disappearance of 
the microfossils roughly 560 million years ago, 
a period which corresponds to the oxygenation 
of the sea floor. So, instead of recording the 
loss of life, the disappearance of these micro- 
fossils would reflect a renaissance. — GR 

Proc. Natl. Acad. Sci. U.S.A. 106, 6519 (2009). 


CHEMISTRY 
Reaching Out to Zirconium 


When alkyl chains bind to transition metals, the 
metal center can sometimes loosely attract elec- 
trons from the hydrogen bonds two carbons 
away. This attraction, termed an agostic interac- 
tion, plays an influential role in stereoselective 
olefin polymerizations at zirconocene centers, 
but it is typically too fleeting to characterize in a 
persistently stable complex. Forster et al. pre- 
pared an analog to an agostically coordinated 
ethyl ligand by replacing the two carbons (CH,- 
CH,) with nitrogen and boron (NH,-BH;). On 
coordinating through nitrogen to a zirconocene 
derivative, the ligand’s boron hydride binds 
more stably to the metal center than the corre- 
sponding ethyl C-H. The authors characterized 
several such complexes in the solid state and in 
solution, and observed interconversion of iso- 
mers (which differed in the positions of N and B- 
H relative to a third substituent) on a time scale 
of tens of seconds. — JSY 

J. Am. Chem. Soc. 131, 10.1021/ 

ja901460y (2009). 
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Hidden Message 


Researchers have cracked the fine-grained code 
in the Gunnison prairie dog’s alarm call: It 
seems the animals can send information about 
a predator’s color. 

Many animals encode predator information 
in their calls. Ground squirrels, for example, 
differentiate between aerial and terrestrial 
threats, and black-capped chickadees can sig- 
nal a predator's size. 

The prairie dogs’ birdlike calls are distinct 
for different predators, but animal behaviorist 
Con Slobodchikoff of Northern Arizona 
University in Flagstaff detected a deeper varia- 
tion in their high- 
pitched squeaks. To 
see if they con- 
tained more 
detailed informa- 
tion, he and his 
colleagues rec- 
orded calls as three 
similar-sized 
women strolled 
through a prairie 
dog community 
wearing yellow, 
blue, or green 
T-shirts. Analysis of 
the calls’ frequency 
patterns revealed 
that the chirps for 
blue shirts were 
different from 
those for yellow 
and green, which elicited the same calls. The 
results support the idea that the prairie dogs 
are incorporating colors into their alarm calls, 
the researchers report in the May issue of the 
journal Animal Cognition. The prairie dogs’ 
dichromatic vision can distinguish yellow and 
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What a Dish 


Excavations from an extensive Roman cemetery in East London, located outside the walls of 
the former Londinium, have yielded a rare prize: a complete millefiori dish. Made from a 
technique in which glass rods are fused 
together and sliced into multicolored 
patterned beads, the dish was 
created from hundreds of 
pieces stuck together. 

The 23-centimeter- 
diameter dish was in 
many fragments, but they 
were all there, held togeth- “St 
er by the surrounding earth. 
It was in a grave belonging toa 
wealthy Roman whose cremated 
remains were in a casket flanked by 
other ceramic and glass vessels, “suggesting 
a rich and unusual burial,” according to the 
Museum of London Docklands. The find, put on 
display at the museum last week, has yet to be 


dated but is likely close to 2000 years old. 


green from blue but easily confuses yellow 
with green. 

This is one of the finest distinctions yet to 
be detected in an alarm call, says James Hare, 
a behavioral ecologist at the University of 
Manitoba in Canada. “The level of sophistica- 
tion in communicating subtleties is just 
incredible.” 


No Laughing Matter 


In Central Europe, homeland of psychoanalysis, 
psychologists have been exploring a hitherto 
uncodified facet of the human personality: 
gelotophobia, the fear of being laughed at. 


In the latest of a spate of papers on the 
condition, published in the journal Personality 
and Individual Differences, |lona Papousek of 
the University of Graz, Austria, and colleagues 
report that people with gelotophobia (from 
gelos, Greek for laughter) have weak control 
over their emotions and are hypersensitive to 
others’ negative moods. 

Co-author Willibald Ruch of the University 
of Zurich in Switzerland says researchers have 
developed a 15-item scale that can distinguish 
the problem from social phobias or “shame- 
based” neuroticism. For example, he says, 
gelotophobes “distrust smiling faces” and 
“are not able to discriminate between friendly 
and hostile laughter” or between teasing 


Baseball nut Ralph Cicerone, who is also president of the National 
Academy of Sciences, is going to have a baseball diamond named 
after him. The University of California, Irvine (UCI), will rename its 
diamond at Anteater Park “Cicerone Field” at a pregame cere- 
mony on 19 May, science blogger Gary Robbins reports. 

The renowned climate scientist, who pitched for MIT dur- 


ing his undergraduate days (see photo), helped revive base- 
ball at UCI when he was chancellor there from 1998 to 
2005. “He's planning to be there and will throw out the 


first ball,” 


says UCI spokesperson Tom Vasich. 
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o and ridicule. That can lead to serious 


consequences, says Ruch, citing two 
recent school shootings in Germany in 
which the perpetrators reportedly had a 
horror of being mocked. About 10% of the 
population has some degree of geloto- 
phobia, he says. 

In tests of the scale in 74 countries, 
Scandinavians ranked among the least 
gelotophobia-prone groups, whereas people 
in Muslim countries and in Africa tended to 
score high. The highest scores in Europe 

were from the United Kingdom—suggesting, 
Ruch says, that “maybe a well-developed 
sense of humor does not help [where] 
mock[ery] and ridicule are cultivated too.” 


SWINE FLU OUTBREAK 


New energy 
frontiers 


Out of Mexico? Scientists 
Ponder Swine Flu's Origins 


Each scientist at the forefront of the current 
swine flu outbreak remembers the day when 
it became clear that this was not a typical 
influenza season. For Celia Alpuche, that 
date was 7 April, more than 2 weeks before 
hundreds of other scientists, doctors, secre- 
taries of health, and even presidents would 
also start losing sleep over a virus now offi- 
cially known as 2009 A (H1N1). 

Alpuche is an infectious disease micro- 
biologist who heads the Instituto Nacional de 
Diagndstico y Referencia Epidemioldgicos 
(nDRE) in Mexico City, the country’s main 
lab for testing influenza samples. On that 
Tuesday in early April, she learned that the 
nearby National Institute of Respiratory Dis- 
eases had severe cases of pneumonia in 
young adults—the age bracket that typically 


OUTBREAK TICKTOCK 


700 


suffers the /east harm from flu. “It sounded 
unusual,” says Alpuche. “Immediately, we 
started to get the data around this cluster.” 

Alpuche and her team analyzed data on 
the country’s influenza from this season and 
the one before, looking at the distributions of 
the virus’s two strains, A and B. They noticed 
that this year’s flu season seemed unusually 
long and that B cases accounted for 37% of 
the total, up from 15%. Surveillance data in 
the United States looked similar. 

It turned out that the bump in influenza B 
had nothing to do with the swine flu out- 
break, which is caused by an A strain. But it 
clouded Mexico’s early attempts to make 
sense of these odd respiratory cases in young 
adults. “It was very confusing,” says 
Alpuche. Nor did InDRE or other less 


Norman Borlaug 


confronts an 
old foe 


Breathing easier? Mexican officials believe the 
outbreak there has stabilized, reducing fears of 
widespread disease and death. 


sophisticated Mexican labs have the capabil- 
ity to identify a novel HIN] strain, ulti- 
mately leading Mexico to ask Canada and the 
United States for assistance. “This is a new, 
unknown virus,” she says, and those are 
notoriously difficult to detect. The U.S. Cen- 
ters for Disease Control and Prevention 
(CDC) and the Public Health Agency of 
Canada confirmed that the novel virus was 
an HINI strain of swine flu origin on 23 April. 
Since then, says Alpuche, Mexico has been 
“working very hard” to overcome its limita- 
tions in diagnostics and surveillance. 

Alpuche and her superiors reject the 
assertion that Mexico, where the outbreak 
seems to have emerged, might have con- 
tained the virus if officials had pounced on it 
sooner. “I don’t see any way we could have 
acted faster,” says epidemiologist Mauricio 
Hernandez-Avila, the vice minister of dis- 
ease prevention and health promotion for 
Mexico’s Ministry of Health. 

The exact dates remain fuzzy, but Mex- 
ico’s outbreak of 2009 A (HIN1) surfaced at 
the earliest in mid-March, and Alpuche and 
colleagues had their antennae wiggling by 
early April. “I think the Mexicans did all that 
was possible with a virtually impossible situ- 
ation,” says Ira Longini, an epidemiologist at 
the University of Washington, Seattle. 
Longini’s models of influenza pandemics 
have shown that it’s nearly impossible for a 
country to contain an outbreak of a new 
influenza virus. “You can see what happened 
in the United States,” says Hernandez-Avila. 
“They even found the virus before we did, 
and they were not able to contain it.” (The 
first U.S. case was confirmed on 14 April.) 

Mexico is but one player under the micro- 
scope for its early actions in this outbreak: 


11 March: 30 March: A 10-year- 1 April: NHRC 7 April: Instituto 10 April: The 12 April: Mexico’s 13 April: 
Earliest old boy with fever, cold, researchers Nacional de Diagndéstico Pan Ameri- director general of NHRC sends 
documented and vomiting goes to determine y Referencia Epidemi- can Health te 4 epidemiology CDC sample 
case (asof Naval Medical Center likely infection olégicos (InDRE) in Mex- Organization L2UIOSLSESINE confirms to PAHO from San 

5 May) from San Diego in California; with influenza ico City learns of unusual (PAHO) receives alert, based on existence of acute Diego boy. 
Mexico City. swab senttothe Naval A but cannot severe respiratory dis- news stories, about outbreak of respiratory infec- 


Health Research Center 
(NHRC). 


subtype strain. 


eases in hospitalized 


young adults in the city. Gloria, Veracruz. 


acute respiratory infections in La 


tions and says 
studies under way. 
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The World Health Organization (WHO) and 
CDC have also received close scrutiny. And 
the microscope has finer resolution than ever 
before because of Web cast press confer- 
ences, Twitter, Facebook, YouTube, Google 
Maps, and Skype. Yet the same Internet- 
fueled technologies have helped these same 
people do their jobs. “I’m amazed at the 
capacity we have with the information and 
communication technologies,” says epidemi- 
ologist Mirta Roses Periago, head of the Pan 
American Health Organization. 
“We used to do things with our 
hands and smelling and looking 
at the patients.” During the past 
few weeks, she notes, scientists 
have rapidly shared sequences 
of the viruses, digital images of 
patient x-rays, and electron 
micrographs of the new HIN. 
“At this point in history, this is 
the best surveillance we’ve ever 
had,” said Keiji Fukuda, one of 
WHO’ assistant director gener- 
als. As of 4 May, that surveil- 
lance had confirmed more than 
1000 cases in 21 countries, and 
WHO had raised the pandemic threat alert to 
phase 5, one shy of a full-blown pandemic. 
Phase 5 indicates that two countries in the 
same region (the United States and Mexico) 
had ongoing, person-to-person spread in 
communities. Although early this week there 
was some indication that the virus might not 
be as dangerous as first feared, many still 
expect that a phase 6 alert, which indicates 
the same high level of spread in two or more 
WHO regions, is inevitable. 

The origin of the virus, its muscle power, 
and how much of a threat it presents remain 
mysteries. “We’re not quite certain how this 
is going to evolve,” said Fukuda at a 4 May 
press conference. Despite this uncertainty, 
health officials and companies are gearing 
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Ecological aftermath of 
the Wenchuan quake 


up to rush a new vaccine into place, if it is 
needed (see p. 702); already, WHO and gov- 
ernments have released antiviral drugs from 
their stockpiles (see p. 705). 

After Mexico, the United States has had 
the most cases, which on 5 May totaled 403. 
The almost simultaneous confirmations of 
the outbreak in both Mexico and the United 
States initially added further confusion to the 
outbreak’s origins. But the virus itself has 
helped clear up matters, says Ruben Donis, 


Quick picture. Within a few days of isolating the virus, shown in the electron micro- 
graph on left, CDC had a detailed genetic phylogeny. 


CDC’s chief of the molecular virology and 
vaccines branch. 

Donis has led a full-tilt effort to sequence 
viral isolates and post them in GenBank, a 
publicly available database that by 4 May had 
nearly 200 entries of HIN1 genes. The 
genetic information helps labs around the 
world develop diagnostic tests for this new 
virus, key to speeding the investigation; at 
first Mexico and many other countries had to 
rely on CDC or the Public Health Agency of 
Canada (Science, 1 May, p. 572) to confirm 
suspected cases. 

Donis’s group has used the gene 
sequences to tease out some of the virus’s 
surprising history. A comparison to known 
influenza strains in different species shows 


18 April: United 
States notifies 
WHO surveillance 
system of con- 
firmed cases of 
H1N1 in southern 
California. 


14 April: 16 April: 17 April: Increase in cases of 

CDC CDC notifies respiratory illness linked to 

determines SanDiego death from atypical pneu- ro 

sample is County monia of Oaxacan woman. _—‘HidlualutSs 

H1N1 virus Health & Mexico issues alert to influenza monitoring 

of swine Human units. INDRE Director Celia Alpuche asks 

origin. Services Francis Plummer of Public Health Agency 
Agency. of Canada (PHAC) for help. 


H1N1 GENES AND THEIR ORIGINS 


North American swine HA, NP, NS 


21 April: CDC publishes details 
of two California cases in 
Morbidity and Mortality Weekly 
Report (MMWR). Mexico reports 
to WHO atypical influenza associ- 
ated with severe pneumonia in 
various cities. INDRE ships 
samples to PHAC and CDC. 


The Hubble’s 
last fix 


that about one-third of the virus is from 
“classical” North American swine influenza, 
one-third is North American avian, and the 
remaining third is divided evenly between 
human and Eurasian swine (see pie chart). 
“Tt’s almost equidistant to swine viruses from 
the United States and Eurasia,” says Donis. 
“And it’s a lonely branch there. It doesn’t 
have any close relatives.” 

Some have speculated that the outbreak 
started from an infected pig in Mexico, as an 
early case occurred in a region 
in Veracruz state that has a large 
pig farm. But Donis says this 


North Human explanation may be too pat. He 
American i =PB1 suggests that the virus may have 
avian —~ 17.5% originated ina U.S. pig that trav- 
PB2, PA 34.4% eled to Asia as part of the hog 
17.5% | Eurasian trade. The virus may have 

30.6% ne infected a human there, who 

: then traveled back to North 

Classical 7 America, where the virus per- 


fected human-to-human spread, 
maybe even moving from the 
United States to Mexico. 

Alpuche notes that some of 
the earliest cases occurred in 
communities “well known for migration.” 
And a scouring of older samples—which is 
ongoing—trecently uncovered a Mexico City 
case from 11 March, about a week before 
any confirmed infections in Veracruz. As to 
what enabled this swine influenza for the 
first time to transmit easily between humans, 
Donis says the sequence alone can’t answer 
that question. 

On 2 May, Canada’s Food Inspection 
Agency reported that 2009 A (HIN1) had 
been found in pigs for the first time. But in 
yet another twist, the virus seems to have 
come from a farm worker who recently 
returned from Mexico with a bout of swine 
flu and then infected the herd. This type of 
transmission, so far detected in 220 of the > 


23 April: PHAC 
and CDC confirm 
Mexico cases. CDC 
says it's producing 
a “seed” strain of 
the virus to make 
vaccine. 
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2200 animals, may be a first, says 
Christopher Olsen, a swine 
influenza researcher at the 
School of Veterinary Medicine at 
the University of Wisconsin, 
Madison: “I honestly can’t think 
of an instance where we saw a 
swine virus move to humans and 
move back in this fashion.” 

The greatest concern is what 
will this confusing virus do next? 
Hernandez-Avila says he believes 
the outbreak in Mexico has stabilized. By 
4 May, fewer samples were coming into the 


SWINE FLU OUTBREAK 


Viral itinerary. CDC's 
Donis worries about 
H1N1’s next move. 


labs and fewer patients were 
checking into hospitals with res- 
piratory diseases. Earlier, the 
country reported a few thousand 
suspected cases and close to 200 
deaths, but out of 2164 tested 
samples, labs only confirmed 727 
infections and 26 fatalities. 

But several experts stressed 
that the outbreak is still young. “I 
don’t think we’re out of the woods 
yet,” said Anne Schuchat, CDC 
interim deputy director for science and public 
health, at a 3 May press conference. “We don’t 


know if the virus will return in the fall and 
come back harder than it is right now.’ CDC’s 
Donis, originally from Argentina, also notes 
that the United States and Mexico are in the 
Northern Hemisphere, where flu season has 
peaked. “We’re in a good position,” he says. 
“The folks in Buenos Aires are in trouble. 
They’re entering winter now.” 

So while scientists and health officials in 
the north may soon be able to get a good 
night’s sleep, the espresso machines in labs 
and government ministries in the Southern 
Hemisphere may soon be working overtime. 

-JON COHEN 


ee 


’ 


Devilish Dilemmas Surround Pandemic Flu Vaccine, ~ 


If and when a pandemic of HIN1 swine flu 
hits, vaccines might be the world’s best hope 
for softening the blow. But major uncertain- 
ties cloud the prospects for vaccines against 
the new strain. No pandemic vaccine yet 
exists, and it is unclear how much vaccine 
would have to be available, and by what time, 
to have any impact. Should manufacturers halt 
the production of seasonal influenza vaccine 
to focus on a pandemic version, and if so, 
when? And is there any way to ensure that 
people around the world have an equal chance 
to get the new vaccine? 

These topics have been the subject of 
frantic, almost daily discussions among sci- 
entists, vaccine manufacturers, regulatory 
agencies, and the World Health Organiza- 
tion (WHO) over the past few weeks. But so 
far, there are few concrete answers, in part 
because no one knows just how severe a 
threat the new virus poses, or how difficult it 
will be to mass-produce a vaccine. One 
thing is certain, however: There won’t be 
nearly enough vaccine to protect all the 
world’s citizens, and the question of who has 
first dibs could get ugly, says David Fedson, 
a former pharma executive and influenza 
vaccine expert living in France. 

Almost all seasonal flu vaccine is made 
using a clunky, 50-year-old process, in which 


companies adapt the virus to multiply in hens’ 
eggs, grow the virus in eggs, then purify the 
key antigens needed to make vaccine—the 
hemagglutinin and neuraminidase molecules 
that stick out from the virus’s surface. In all, 
the process takes more than 5 months. This is 
also how at least the vast majority of a pan- 
demic vaccine will be made, because promis- 


had 9) 


Bottleneck. Most flu vaccine is now produced in a 
process that requires growing the virus in eggs. 


ing alternative production strategies won’t be 
ready in time. 

Immediately after isolating the new H1IN1 
strain, the U.S. Centers for Disease Control 
and Prevention and other labs began producing 
a “seed stock” of virus, which will be given to 


manufacturers in a few weeks for vaccine pro- 
duction. But how much pandemic vaccine will 
they be able to produce once they get going? 
A study funded by the Bill and Melinda Gates 
Foundation, whose main outcomes were 
announced in February, gives an indication. 
The study, carried out by Adam Sabow of the 
consulting company Oliver Wyman, in col- 
laboration with WHO and the International 
Federation of Pharmaceutical Manufacturers 
& Associations, showed that all manufacturers 
combined can currently produce some 680 
million doses of seasonal flu vaccine per 
year—a number that is expected to grow to at 
least 1.4 billion by 2014. 

It’s not easy to translate that figure into 
doses of pandemic vaccine. The number 
depends, among other things, on how success- 
fully scientists can make the new virus grow 
in eggs, how much antigen is needed for an 
adequate vaccine response, and whether a so- 
called adjuvant can reduce the amount of anti- 
gen needed per shot. But Sabow’s study con- 
cluded that in the most likely scenario, the 
world’s vaccinemakers combined could pro- 
duce almost 2.5 billion doses of pandemic 
vaccine in the first year. 

Assuming, as many scientists do, that two 
shots would be needed for adequate pro- 
tection—as opposed to one for seasonal vac- 


Y/CDC; ITAR-TASS/NIKOLAI MAROCHKIN/LANDOV 


24 April: CDC reports six 25 April: 26 April: CDC 27 April: Canada and Spain 28 April: 29 April: WHO raises threat level from 
new U.S. cases, publicly WHO confirms cases report confirmed cases to Seven phase 4 to 5. Ten countries report con- 
links same strain of HIN1 declares a in five states, WHO, which raises threat countries firmed cases, including South Korea. 

to Mexican outbreak. WHO public health releases 11 million level from phase 3 to 4. report First related death reported in the United 
receives reports from Mexico emergency of antivirals from Mexico suspends schools casesto States. WHO Director-General Margaret 
of 884 suspected cases and 62 international strategic national + nationwide. GenBank posts © WHO. Chan holds a teleconference with vaccine 


deaths. Mexican government 
closes schools in Mexico City. 


concern. stockpile of 


50 million. 


first publicly available 
sequences of virus. 


manufacturers around the globe to dis- 
cuss the production of pandemic vaccine. 
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cine—that means there would be enough for 
1.2 billion people, less than 20% of the 
world’s population, that first year (see graph). 
The study was based on the assumption of a 
pandemic of H5N1 avian influenza, but the 
figures are not expected to be vastly different 
for swine flu. 

Achieving that output assumes, however, 
that vaccine manufactur- 
ers immediately stop their 
production of seasonal = 
vaccine, which they are - 
now making for 2009-10, 
and go full-bore on a pan- - 
demic vaccine—a very 
unlikely scenario. In real- 
ity, WHO has to weigh the 
risk of a shortage of sea- 
sonal vaccine, and the 
increased risk of disease 
and death that would 
ensue, against the threat 
posed by the new strain. 
For the moment, the new - 


Number of vaccines (millions) 


responded with a plan to increase produc- 
tion capacity in the developing world, which 
is now home to some 13% of the global vac- 
cine production capacity—but the plan is 
still in its infancy. To ensure equal access, 
WHO Director-General Margaret Chan has 
called for “international solidarity,” and 
Kieny says WHO is already talking to donors 


GLOBAL PANDEMIC VACCINE PRODUCTION CAPACITY 


‘— World population: 6.7 billion 


VACCINES PRODUCED ~ 
| =——™— Best case 
—— Most likely case 


Based on two-dose vaccine 
against HSN1 


virus doesn’t appear to be 0 
highly virulent, but that 
could change over time. 
After a relatively mild 
first wave in the spring of 
1918, the Spanish flu 
returned with a vengeance in the fall. 

“Tt’s a devilish dilemma,” says Jaap 
Venema, global project director influenza at 
vaccine producer Solvay in the Netherlands. 
At a press briefing last week, WHO vaccine 
expert Marie-Paule Kieny said the agency is 
in close contact with manufacturers; some are 
further along with their seasonal production 
than others, and those might switch first to 
pandemic vaccines while others do so later. 

How to ensure equitable distribution of 
the vaccine is trickier still. Since the threat 
of an avian influenza pandemic became 
urgent 6 years ago, a few developing nations 
have been fighting hard to ensure they will 
have access to vaccines if a pandemic 
strikes. Indonesia even went so far as to 
refuse participation in WHO’s system for 
virus sharing in an attempt to wrest hard 
guarantees from the agency. WHO 


3 


will fall short. 


Months after vaccine strain is sent to manufacturers 


Who goes first? A study suggests global production of a pandemic vaccine 


and major global health funders about ways 
to buy vaccine for the world’s poorest. 

But there are some major obstacles. Several 
countries already have first dibs on any pan- 
demic vaccine. In 2006, for instance, the 
Dutch government signed a contract with 
Solvay guaranteeing that it gets the first 16 
million doses of a pandemic vaccine to protect 
its own population. Other governments have 
signed similar deals, Kieny says, so “the books 
of the manufacturers are already quite full-” 

In addition, the governments of the coun- 
tries with a flu vaccine plant in their territo- 
ries will be under tremendous political pres- 
sure to protect their own populations first, 
Fedson predicts. “You don’t need a contract,” 
he says; “all you need is an army” to prevent 
the vaccine from going across the border. 
Thus, even rich countries like Sweden and 
Spain that lack a vaccine plant could find > 


JUPITERIMAGES 
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1 May: Thirteen 2 May: Canada reports 
countries report cases, 
raising the total to 367. 
Between 1 and 2 billion 
doses of pandemic vac- 
cine may be available 
within a year, says WHO's 
Marie-Paule Kieny. 


pigs. Signs that outbreak 
in Mexico is stabilizing, 


climb to 226 and 
30 hospitalizations. 


first isolation of virus from 


with 506 confirmed cases 
and 19 deaths. U.S. cases 


4 May: WHO SOURCES: Mirta Roses 
reports more than Periago and Daniel Epstein, 
1000 cases in 21 PAHO; Celia Alpuche and 


Mauricio Hernandez-Avila, 
MoH, Mexico; Francis 
Plummer, PHAC; EMEA; 
WHO and CDC press 
conferences; MMWR. 


countries. Mexico 
determines earliest 
case was 3 March 
but still has older 
samples to test. 
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Sciencelnsider 


From the Science 
Policy Blog 


Since the H1N1 outbreak first 

surfaced 21 April, Sciencelnsider has 
posted dozens of items as events 
unfolded, mixing analysis with breaking 
news and interviews with scientists fight- 
ing the virus around the world. 


In an exclusive interview, Celia Alpuche of 
the Instituto de Diagnéstico y Referencia 
Epidemioldgicos in Mexico City provided 
details of Mexico's early responses to 
reports of puzzling increases in respiratory 
illness. She described how the culprit was 
eventually unmasked with help from the 
Canadian Public Health Agency laboratory 
in Winnipeg and the U.S. Centers for Dis- 
ease Control and Prevention (CDC). She 
also noted that researchers have been sur- 
viving on little sleep and a lot of coffee. 


Head CDC virologist Ruben Donis, in 
another exclusive interview, discussed the 
genetics of the new H1N11 strain and its 
relationship to other flu viruses that have 
been circulating. 


An analysis looked at the thorny issue of 
how U.S. and international health officials 
can balance the need to keep the public 
informed without causing panic. Building 
on the lessons of the 2003 SARS out- 
break, officials have settled on a strategy 
of giving information early and clearly 
and being willing to admit that they don’t 
know what's going to happen. “You need 
to announce early: People are sick, people 
are dying. You have to talk about that,” 
said one expert. 


Also ... Writers analyzed the strange 
genetics of the new strain, how different 
countries are responding, whether 
travel advisories or seasonal flu vaccine 
can help, and how a Navy lab in San 
Diego first figured out that something was 
very wrong. An up-to-date, detailed time- 
line will continue to track the spread of 
the virus and the response. 


For continuing coverage and analysis of 
the pandemic and of other science policy 
developments, go to blogs.sciencemag. 
org/scienceinsider. 
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themselves empty-handed, he says. 
Unfortunately, there are few alternatives 
for the moment. Most flu vaccine manufac- 
turers are working to replace the antiquated 
chicken-egg technology with a cell-based 
method, in which the vaccine virus is grown 
in mammalian cells. This has several advan- 
tages: Manufacturers are less dependent on 
the supply of chicken eggs—which is diffi- 
cult to increase quickly and can become 
vulnerable during bird flu outbreaks—and 
it could shave 10 weeks from the 22 weeks 


SWINE FLU OUTBREAK 


now needed to make influenza vaccine 
using eggs. 

But although more practical and cleaner, 
cell-based vaccines don’t promise a major 
boost in production capacity. Moreover, 
success with the technique has been slow to 
come, despite more than $1.5 billion in US. 
Department of Health and Human Services 
contracts to several companies to fund clin- 
ical trials of cell-based vaccines and scale 
up manufacturing. “The cell-based vaccines 
are coming, but we’re not going to see them 


What Role for Antiviral Drugs? 


When it comes to treatment, there’s good 
news and bad news about the new HIN1 
swine flu strain circling the globe. Two antivi- 
ral drugs can squelch it and are currently the 
best defense, given that a vaccine will not be 
ready for months. But stocks of Roche’s Tam- 
iflu (oseltamivir) and GlaxoSmithKline’s 
Relenza (zanamivir) are too small to protect 
everyone in a worst-case scenario outbreak; 
health officials also worry that the virus 
could become resistant to the drugs. 

How many doses might be needed during a 
pandemic depends on how severe it is and how 
the drugs are used; so far, countries have stock- 
piled roughly 250 million courses of antivirals. 
By comparison, the 1918-19 flu pandemic 
sickened at least 800 million people. 

When the issue of shortages has come up at 
press conferences over the past 2 weeks, vari- 
ous health officials have pooh-poohed the role 
of antiviral drugs. “People get too focused on 
antivirals,” said Angus Nicoll of the European 
Centre for Disease Prevention and Control last 
week. There are “other important medicines,” 
he said, such as antibiotics. 

But many flu experts disagree. True, severe 
influenza can lead to secondary infections like 
pneumonia, and experts believe that such 
infections explain many deaths in the 1918 flu 
pandemic, notes Anne Moscona, a pediatric 
infectious disease physician and virologist at 
Weill Cornell Medical College in New York 
City. But, she and others say, antivirals are crit- 
ical to preventing deaths and serious illness in 
an outbreak. “What else do we have?” asks 
Arnold S. Monto, an epidemiologist at the Uni- 
versity of Michigan, Ann Arbor. 

Both Tamiflu and Relenza block the func- 
tion of a viral protein, neuraminidase, thereby 
preventing the virus from leaving the surface 
of the cell and spilling out into surrounding 
lung tissue. The drugs are most effective when 
given early, before influenza spreads through 


the lung. If the drugs are taken 12 hours after 
a fever hits, the flu lasts three fewer days than 
if they’re taken 48 hours after fever begins, 
says Moscona. 

It’s not known how effectively the drugs 
suppress the spread of the virus from person to 
person, but most flu experts believe they 
shorten the time course of disease and by stop- 
ping the virus from replicating. When given to 


Will it work? Stocks of Tamiflu line a warehouse in the United Kingdom. 
The drug combats H1N1 swine flu, but there are worries about resistance. 


healthy people, they’ve been shown to reduce 
the chance of getting sick by 70% to 80%. Flu 
specialists, however, disagree over whether 
offering the drug prophylactically now makes 
sense. The U.S. Centers for Disease Control 
and Prevention is recommending prophylaxis 
for only those who’ve had close contact with 
someone with H1N1 and who are at high risk 
themselves, such as pregnant women or young 
children, as well as health care workers who 
may have been exposed. 

Supplying a drug to a large number of 
healthy people raises two concerns. First, 
because the new strain seems relatively mild, 
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for this pandemic,” says influenza expert 
Arnold Monto of the University of Michi- 
gan School of Public Health in Ann Arbor. 
Other recombinant vaccines that could truly 
lead to an explosion in production capacity 
are even further down the road, says John 
Treanor of the University of Rochester’s 
School of Medicine and Dentistry in New 
York state. 
That means that, at least for now, the world 
is still dependent on chicken eggs. 
—MARTIN ENSERINK AND JOCELYN KAISER 


preventing its onset may not be a wise use of 
limited stocks—especially because they may 
be needed if the virus becomes more virulent 
later. Second, the virus could develop resist- 
ance to one or both drugs. This is a particular 
worry because a human H1N1 subtype—one 
of the seasonal flu strains—unexpectedly 
evolved almost complete resistance to Tamiflu 
in the past few years (Science, 27 February, 
p. 1162). “Giving antivirals 
will only force that selec- 
tion” of a drug-resistant 
strain, says Scott Layne, an 
infectious disease specialist 
at the University of Califor- 
nia, Los Angeles. 

One pressing question is 
“how might you deploy” 
these two drugs to minimize 
the chance of resistance, says 
Ira Longini, a biostatistician 
at the University of Wash- 
ington, Seattle. One possibil- 
ity would be to treat a popu- 
lation with both Tamiflu and 
Relenza, to which HIN1 has 
more difficulty developing 
resistance. Longini believes 
models could help deter- 
mine exactly how to distribute these drugs to 
minimize resistance. But because Tamiflu can 
be taken orally (unlike Relenza, which must be 
inhaled), countries have focused on amassing 
stocks of the former—auntil recently, as concern 
about resistance to Tamiflu spread. 

For now, distributing the drugs based on the 
most promising model may be a pipe dream. 
How these drugs are used “will change as the 
epidemic evolves,” says John Modlin, a pedi- 
atric infectious disease specialist at Dartmouth 
Medical School—and as the companies race to 
ramp up production. 

—JENNIFER COUZIN-FRANKEL 
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NEWSMAKER INTERVIEW 


Corey Goodman, Post-Pfizer, 
On the Allure of Enterprise 


Neuroscientist Corey Goodman surprised his 
friends in 2001 when he took leave from a 
tenured professorship at the University of 
California, Berkeley, and gave up his post as a 
Howard Hughes Medical Institute investiga- 
tor to dive into the world of small biotechnol- 
ogy companies, becoming CEO of Renovis, a 
company he co-founded. He surprised them 
again in 2007 by joining pharmaceutical 
behemoth Pfizer, heading up its new Biother- 
apeutics and Bioinnovation Center (BBC) 
(Science, 23 November 2007, p. 1223). Its 
goal was to put Pfizer, which, like all of big 
pharma, is struggling to keep its pipeline 
filled with ideas, on a path to developing new, 
more innovative therapeutics. Goodman, ever 
restless, left that post in April earlier than 
planned, after just 20 months, but says he 
accomplished what he set out to do. He spoke 
with Science last week; the interview has 
been edited for brevity. 

—JENNIFER COUZIN-FRANKEL 


Q: What drew you to Pfizer in the 
first place? 

C.G.: I had been offered positions 
in large biotech and large pharma 
before and I had not gone. I always 
thought of myself as somewhere 
at the interface of biotech [and] 
academia, a small-company guy. 
Jeff Kindler [Pfizer’s CEO] 
approached me in the summer of 
2007. [He said], “What about the 
following opportunity? Big 
pharma is in trouble; the pipelines 
aren’t deep enough; and they 
haven’t been productive enough. 
Why don’t you come join for a 
few years and build a new entre- 
preneurial model for how to do 
research?” It was very seductive. 


Q: What were the goals? 

C.G.: Pfizer, like much of big 
pharma, had its strength in small 
molecules, medicinal chemistry. 
They realized that they needed to play catch- 
up. [In 2006, Pfizer acquired Rinat, a small 
company focused on antibody technology 
and protein engineering.] We took what was 
a superb group; I essentially set them free. 
Then we acquired CovX [another biotech- 
nology company], and we really let that site 
continue to blossom. The key in both these 


cases is, you let these people who are so cre- 
ative continue to create and innovate. We 
built collaborations with academic[s]. And 
finally, we established a unit of regenerative 
medicine in Cambridge, England. So we’ve 
set up these very entrepreneurial units. The 
notion is to build a hybrid model: Could we 
get the best of the biotech model and the 
pharma model? 


Q: All of this sounds great. Why did you 
leave? 

C.G.: We’re in the middle of the acquisition of 
Wyeth [Pharmaceuticals]. I was a strong propo- 
nent of that. But my unit now instead of report- 
ing separately to the CEO [is] going to report 
into a larger biotherapeutics division. It’s going 
to be more East Coast—based. It just seems to 
me that I had accomplished what I came in to 
do; now it’s time for my next adventure. 


Q: What’s happening to your Biothera- 
peutics and Bioinnovation Center now? 

C.G.: On an interim basis, the person who is 
going to take it over is Rodney Lappe, [chief 
scientific officer] of CovX. He teases me by 
saying that he’s been drinking the Corey Kool- 
Aid. He completely believes in this model. 
He’s the perfect person to take my place. 


Q: Was working in pharma what you 
expected? 


C.G.: It has been a great education for me to 
see how a large corporation works. Sur- 
prises? I really enjoyed interacting with the 
commercial organization, with the business 
units. [You’re] working for human health, 
but at the same time you have to make a 
profit and pay the bills. 


Q: There's a lot of concern inside and outside 
pharma about the future of the industry. 
What do you make of that? 

C.G.: The industry is going through a con- 
solidation period. Companies are experi- 
menting with new R&D models. Pfizer did 
what I think is a very successful experiment 
with our BBC model. I see variations on 
that going on [elsewhere]. I think over the 
next few years, more and more of the 
pharma companies will be switching to 
these entrepreneurial models and having 
more interactions with the academic and 
biotech communities. 


Q: Are the little idea-driven companies that 
you've long been a proponent of surviving? 
C.G.: The industry’s going through a tough 
time right now. Capital markets have largely 
closed down for biotech. We will come out 
the other end. There will probably be a 
reduction in the number of biotech venture 
capital firms, there will probably be a reduc- 
tion in the number of biotechs. [But] I think 
the need for innovation in biotech is as 
strong as ever. 


Q: What about personalized medicine? 
Everyone talks about it, but can anyone 
afford it? 

C.G.: It is a challenge, but it’s a solvable chal- 
lenge. Personalized medicine is here to stay, 
and it’s fabulous for patients, but we have to 
figure out how to make it work for compa- 
nies. We have to make sure that things are 
priced so that companies will be willing to 
develop all sorts of medicine. We already 
have evidence that it works: Genentech 
makes good money by selling Herceptin [a 
drug designed for a genetically defined sub- 
set of breast cancers]. We have to think about 
drugs that aren’t just huge blockbusters, 
drugs that will still be financially successful 
but for a smaller group of patients. 


Q: What are you up to next? 

C.G.: I have ideas with friends for different 
companies to start, companies that want me to 
be in their board, going back to my roots with 
the biotech and venture world. I’m going to 
take my time. There are lots of opportunities. 
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Army Bans Pathogen Work at Lab After Security Lapse 


Late last year, the U.S. Army took the 
unprecedented step of banning one of its 
premier biodefense labs from conducting 
any work involving dangerous pathogens. 
The lab is part of the Armed Forces Institute 
of Pathology (AFIP) in Washington, D.C. 
The Army and AFIP decline to cite the spe- 
cific reasons behind the 2 December deci- 
sion, which has not been publicly 
announced, but it was made a few months 
after the Army Inspector General’s (IG’s) 
office discovered a number of security prob- 
lems at the lab—a biosafety level 3 (BSL-3) 
facility. These include a failure to prevent 
potentially unreliable employees from hav- 
ing access to anthrax and other deadly 
pathogens stored there. AFIP officials say 
they corrected all those problems and were 
taken by surprise by the ban. 

The decision has left some two dozen 
researchers in AFIP’s microbiology division 
unable to continue high-profile research 
projects such as developing a vaccine against 
brucellosis and testing ways to rapidly detect 
biowarfare agents. They have been reas- 
signed to other projects that don’t involve 
dangerous pathogens, or select agents. 

Meanwhile, a spacious new BSL-3 lab, 
completed in 2006 for $19 million, is no 
longer being used for the research for which it 
was built. “That’s very tragic because they had 
only recently completed building the [BSL-3] 
facility,’ says Nobelist Sidney Altman, a Yale 
University biochemist who has been collabo- 
rating with AFIP on a project to inactivate 
biowarfare agents using RNA interference. 

The entire institute, which employs 93 
scientists and 75 pathologists and offers 
pathology services in addition to doing 
research and training, is slated for closure by 
September 2011 under a government plan to 
shutter dozens of military facilities. Under 
that plan, AFIP scientists had expected to be 
able to conduct select-agent research for at 
least two more years. 

The lab’s troubles began when it failed a 
Biological Surety Inspection that the Army 
IG conducted in March 2008. Officials 
faulted AFIP for inadequate locking systems 
and other physical security issues. More 
important, officials found that lab managers 
ignored information about certain employ- 
ees that could have disqualified them from 
having access to dangerous pathogens. The 
redacted version of the IG’s report released 
to Science does not divulge the nature of this 
so-called potentially disqualifying informa- 


tion, but it could be anything from alco- 
holism to mental instability. 

Based on the findings, the Army ordered 
a temporary shutdown of the lab on 16 April 
2008 until AFIP fixed the problems. Florabel 


Tough luck. Despite AFIP Director 
Florabel Mullick’s efforts to fix secu- 
rity problems, the Army decided to 
terminate all select-agent research 
at the institute’s BSL-3 lab. 


Mullick, a pathologist who has directed 
AFIP since mid-2007, declined to speak with 
Science but responded in an e-mail that 
“Immediate steps were taken to ensure con- 
tinued safety, security and reliability.” 

Among those steps, AFIP hired a new con- 
tractor to provide security. Robert Crawford, 
the head of the lab and director of the micro- 
biology division since 2003, was let go. Mina 
Izadjoo, a microbiologist and longtime 
employee of the lab, succeeded him. 

Other heads rolled, though it is unclear 
how many. “The AFIP director cleaned house 
after [the inspection], and there has been a 
complete turnover in the microbiology divi- 
sion leadership,” Catherine With, AFIP’s 
legal counsel, wrote in a 26 November 2008 
e-mail that she sent to the Department of 
Defense (DOD) and the Army after learning 
that a permanent ban was imminent. “The 
... prior leaders were let go ... because they 
could not operate in a world of rules and reg- 
ulations,” With wrote. “And those non-lead- 
ership personnel who did not want to follow 
the applicable law, rules and policies are 


also no longer at the AFIP”’ The Army won’t 
comment on whether those steps were con- 
sidered sufficient. 

Another incident seems to have under- 
mined the Army’s confidence. On 24 Nov- 
ember, four broken vials of select agents 
were discovered during an internal inventory 
of pathogens at the lab. The employee who 
found them did not think the incident needed 
to be reported because the vials were in a 
contained area, says Cynthia Vaughan, a 
spokesperson for the Army Medical Com- 
mand. ““Two lab workers were referred to the 
occupational health clinic for evaluation and 
follow-up,” she says. Neither was infected. 

On 2 December, DOD approved the 
Army’s recommendation to “permanently 
disestablish” select-agent operations at the 
lab. One Army official told Science that the 
Army did not consider it worth the effort to 
resume select agent 
operations for just 
three more years. 
Vaughan says that 
while working with 
AFIP to correct the 
deficiencies discov- 
ered by the IG, Army 
officials realized 
that “maintaining 
experienced person- 
nel and keeping the 
operations safe and secure would be a signif- 
icant challenge.” Mullick, on the other hand, 
says the decision was driven by the Army’s 
desire to “consolidate” its biodefense labs 
and was unrelated to AFIP’s impending clo- 
sure or any safety issues. 

The shutdown incensed the lab’s work- 
ers, who had been assured that they would 
be able to resume their projects once the 
security problems had been addressed. Out- 
side collaborators say the ban is unfortu- 
nate. “It was certainly a loss for us,” says 
Steven Hinrichs, a microbiologist at the 
University of Nebraska Medical Center in 
Omaha who was working with AFIP scien- 
tists to identify genetic markers of geo- 
graphic origin in Francisella tularensis, a 
microbe that causes rabbit fever. Hinrichs 
says that although he has access to a BSL-3 
facility on his own campus, he had entered 
into the collaboration because Crawford 
and other AFIP scientists had special 
expertise in locating the markers. Hinrichs 
terminated the collaboration in January. 

—-YUDHIJIT BHATTACHARJEE 
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ENERGY RESEARCH 


DOE Commits $777 Million to Apply 
Basic Science to Urgent Problems 


Chemist Peter Burns is grateful to the 
Department of Energy (DOE) for supporting 
his work on the behavior of actinides, a class 
of radioactive elements found in the waste 
from nuclear power plants. But he confesses 
that the research, although it fueled his Uni- 
versity of Notre Dame lab for a dozen years, 
left him feeling less than satisfied that he was 
helping to solve fundamental aspects of the 
country’s energy problems. 

Last week, however, Burns won a 5-year, 
$18.5 million DOE grant that he says fully 
taps his scientific and creative juices. The 
funding makes Burns’s team one of 46 
Energy Frontier Research Centers (EFRCs) 
that DOE hopes will bridge the gap between 
basic and applied work in energy research. 
Eight years in the making, the $777 million 
program will support 1100 scientists work- 
ing in interdisciplinary groups examining 
everything from making lighting more effi- 
cient to using photosynthesis to create new 
fuels derived from solar energy. Burns’s new 
center, linking researchers from five univer- 
sities and national laboratories, will have 
essentially free rein to design more efficient 
nuclear fuels and processes while dreaming 
up ways to make nuclear waste less harmful. 
“Tt’s a whole new world,” says Burns, one 
that he hopes will allow him “to have a much 
greater impact on energy.” 

Like many a frontier journey, the EFRC 
program has traveled along a bumpy road. 
Beginning in 2001, DOE’s Office of Sci- 
ence sponsored a series of conferences at 
which energy industry officials and scien- 
tists brainstormed the fundamental break- 


throughs required for new energy technolo- 
gies. Drawing on that advice, DOE’s Office 
of Basic Energy Sciences eventually sent 
out solicitations in solar energy, hydrogen 
research, nuclear energy, and instrumenta- 
tion and attracted more than 700 proposals 
in 2007 and 2008. But a flat budget 
restricted DOE to only 40 small awards to 
individual investigators. Ever hopeful, 
DOE expanded the concept with a request 
for proposals for larger and more ambitious 
frontier centers. Understandably, applicants 
were skeptical. “We thought this might be 
another useless drill like the rest of the 
solicitations,” says geochemist Donald 
DePaulo of DOE’s Lawrence Berkeley 
National Laboratory (LBNL) in California, 
who will lead a center focusing on storing 
carbon dioxide underground. 

But this year, DOE struck gold. The over- 
all 2009 budget for the Office of Science, 
which is funding the initiative, went up 17%, 
to $4.8 billion. The office also gained 
$1.6 billion from the government-wide 
$787 billion stimulus package, money that 
must be spent by September 2010. The infu- 
sion allowed DOE to fund 50% more centers 
than it had planned. Each center will receive 
between $10 million and $25 million over 
5 years, compared with typical investigator 
grants of $400,000 over 3 years. More time 
should mean more chances “to explore high- 
risk, high-reward research,” says program 
manager Harriet Kung. The larger and longer 
awards will also make it easier to attract 
graduate students, Burns predicts. 

Raymond Orbach, who headed the office 


Taking a shot. University of Notre Dame undergrad- 
uate Laura Adams works on a project to study nuclear 
fuels at one of DOE’s new frontier research centers. 


during the Bush Administration, says the 
groups are intended to be large enough to 
encourage team building but not so big as to 
be unwieldy. Burns, an experimental chemist, 
has hooked up with theoretical and thermo- 
dynamic chemists at the University of Michi- 
gan and the University of California (UC), 
Davis, turning one-time competitors into col- 
laborators. That change is likely to make for 
better science, says John Hemminger of UC 
Irvine, a member of a DOE advisory commit- 
tee. “Before, you might have had two or three 
Pls [principal investigators] funded in a small 
group, in the same university. This is now say- 
ing, ‘Identify an area of science that’s impor- 
tant, and find the best people.’” 

DOE officials say that the new centers 
have already met one program goal, namely, 
to attract new faces to energy research. At a 
meeting last week hosted by AAAS, which 
publishes Science, Energy Secretary Steven 
Chu said he’s making progress in persuad- 
ing scientists to take up the subject. “It’s 
becoming an easier and easier sell,” says 
Chu, a Nobelist and former director of 
LBNL, about his plea to colleagues “not to 
just write a paper and say this finding 
applies to energy” but to be willing to tackle 
a real-world problem. 

Part of the reason is the field’s increased 
visibility, including the attention it’s receiv- 
ing from the new Administration. “In no area 
will innovation be more important than in the 
development of new technologies to produce, 
use, and save energy,” President Barack 
Obama declared last week during a speech at 
the annual meeting of the National Academy 
of Sciences (Science, 1 May, p. 576). Having 
sufficient resources also makes a difference, 
Chu admits. “I know that you can’t herd 
cats,” he quipped at the AAAS event, “but 
you can stimulate their movement by moving 
the cat food around.” 

Berend Smit, a theoretical chemist who 
moved from the Netherlands last year to UC 
Berkeley, says he was attracted by the enthu- 
siasm of Chu and others in preaching the 
energy research gospel. “I wanted to be at the 
center of interest in energy,” says Smit, who 
had been working on the general challenge 
of separating mixtures of gases. His $10 mil- 
lion center will be devoted to developing 
chemical methods to capture CO, from exist- 
ing coal plants. “It’s amazing,” Smit says of 
the opportunity to be a pioneer on the energy 
frontier. “For global warming, we need to do 
something quickly.” -ELI KINTISCH 
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ASTROPHYSICS 


Fermi Data Dim Dark-Matter Claim 


Data from a new satellite appear to stick a pin 
in a previous claim that a balloon experiment 
may have spotted dark matter. Last November, 
astrophysicists working with the balloon- 
borne Advanced Thin Ionization Calorimeter 
(ATIC) reported a dramatic excess of high- 
energy electrons and positrons from space, 
which could be a sign of dark-matter particles 
annihilating one another (Science, 21 Novem- 
ber 2008, p. 1173). But researchers with 
NASA’s orbiting Fermi Gamma-ray Space 
Telescope have measured the particles’ energy 
spectrum with higher precision, and this week 
they reported that they see no such excess. 

“We have much better statistics and can 
tell you that we do not see so extreme a fea- 
ture” as ATIC observed, says Steven Ritz, a 
Fermi team member from NASA’s Goddard 
Space Flight Center in Greenbelt, Maryland. 
The results don’t disprove the existence of 
dark-matter particles, but they dampen hopes 
that researchers had already begun to see 
them in a clean and simple way. 


Moonlighting. The Fermi Gamma-ray Space Tele- 
scope also detects electrons and other particles. 


For decades, astrophysicists have known 
that the average galaxy contains too little 
ordinary matter to keep itself from whirling 
apart. They assume that some form of dark 
matter provides the extra gravity needed to 
keep a galaxy whole. But physicists have 
never detected the stuff, which supposedly 
interacts with ordinary matter very weakly. 

One way to spot it might be to look to the 
skies. Some popular theories suggest that if 
two dark-matter particles in space collide, 


they should annihilate each other to create an 
ordinary particle and an antiparticle, such as 
an electron and a positron. The electron and 
positron should emerge with an energy deter- 
mined by the mass of the dark-matter parti- 
cles, leading to a peak in their energy spec- 
trum like the one ATIC observed as it circled 
the South Pole in 2000 and 2002. 

But the $690 million Fermi telescope sees 
no peak, Fermi team members announced on 
2 May at the annual April Meeting of the 
American Physical Society in Denver, Col- 
orado. Launched in June to detect high- 
energy photons called gamma rays, Fermi is 
a particle detector adept at spotting electrons 
and positrons, too. It detected more than 
4 million of them from August through Janu- 
ary, compared with ATIC’s thousands. 

ATIC researchers stand by their results, 
however. Fermi’s measurement may have far 
smaller statistical errors, but Fermi also has 
poorer energy resolution than ATIC, says 
John Wefel, an astrophysicist at Louisiana 
State University in Baton Rouge and an 
ATIC team leader. That would turn any peak 
into a broad bump, he says, noting that the 
Fermi spectrum does indeed show a gentle 
upwelling. “The difference comes down to 
the instrumentation,” Wefel says. 

Physicists may be seeing subtler signs of 
dark matter annihilations, says Neal Weiner, a 
theorist at New York University. Last year, the 
orbiting PAMELA cosmic-ray detector spied 
an odd increase in the ratio of positrons to 
electrons at lower energies. And the Fermi 
spectrum itself includes more high-energy 
electrons and positrons than expected. Such 
imbalances could be due to dark-matter parti- 
cles, although stellar objects such as pulsars 
could also create them. 

Even before the Fermi team’s result, 
Weiner adds, theorists had realized that in 
the simplest annihilation scenarios, it would 
be difficult to produce enough electron- 
positron pairs to explain ATIC’s big peak 
without also producing lots of other parti- 
cles that would decay to electrons and 
positrons and smear the peak out. So they 
had begun to study more complex schemes, 
he says, and the new results will reinforce 
that trend. “I don’t think it’s going to 
dampen people’s enthusiasm,” Weiner says. 
“Tt’s just going to change the types of mod- 
els they are considering.” Dark-matter anni- 
hilations aren’t dead, but they may be better 
hidden than physicists hoped last fall. 

—-ADRIAN CHO 
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Beware the Planet Eaters! Like Icarus, 
some planets have wandered too close to 
their parent suns and perished. That's the 
conclusion of a new simulation—reported 
in The Astrophysical Journal—which helps 
explain why older stars tend to have 
few planets orbiting close to them. 
http://tinyurl.com/cj2mm2 


That Bird Can Boogie. Snowball, the 
dancing sulphur-crested cockatoo, is a big 
hit on YouTube—and now he’s also a scien- 
tific sensation. Researchers have shown 
that the bird, who 
bobs his head and 
lifts his legs to the 
Backstreet Boys’ 
song “Every- 
body,” is in fact 
listening to and 
following the 
beat. The find- 
ings—detailed in 
a pair of articles 
in Current 


Be 


Biology—challenge the notion that only 
humans have the neural wiring for dancing 
in time to music. You can see a video of 


Snowball getting his groove on here: 
http://tinyurl.com/ct3q3u 


Invisibility Cloak for Almost-Visible 
Light. An invisibility cloak that works for 
visible light might soon be in sight, now 
that a team has made one that works for 
the slightly longer wavelengths of near- 
infrared light. The cloak, described in 
Nature Materials, is only about a micro- 
meter in size. That makes it a little snug 
for Harry Potter, but experts say it’s a 
major advance. http://tinyurl.com/csoc3w 


Narcolepsy Revealed. The millions of 
people who suffer from narcolepsy might 
have their immune system to blame. 
Researchers have tied the disabling sleep 
disorder to two immune system genes, 
suggesting that it’s an autoimmune dis- 
ease. The discovery, reported in Nature 
Genetics, may eventually lead to improved 
narcolepsy treatments. 
http://tinyurl.com/d7smzn 


Read the full postings, comments, and 
more on sciencenow.sciencemag.org. 
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The Famine Fighter's Last Battle 


More than a half-century after the research that helped spark the green revolution, Norman Borlaug is again 
fighting a devastating fungus that threatens wheat around the world 


ON ACOLD, JANUARY MORNING IN 2005, A 
small plane landed outside the town of 
Njoro, Kenya, where a handful of scientists 
waited eagerly as the plane taxied. After the 
propellers stopped, an old man slowly 
climbed out and walked across the grassy 
airstrip. Norman Borlaug, then 91, had 
come from Nairobi to examine for himself 
the impact of a highly virulent race of stem 
rust, called Ug99, a plant pathogen that had 
recently crossed the border from Uganda 


— 
Persistent. Norman Borlaug 
surveying research fields. 
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and was now threatening wheat farmers 
around the world. 

Few living people—scientists or farm- 
ers—had had any experience with out- 
breaks of stem rust. To Borlaug, however, it 
was a familiar enemy. After epidemics had 
devastated wheat fields in Mexico in the 
1940s, Borlaug, who was working at an 
agricultural experiment station in Mexico, 
bred new varieties of wheat that could 
resist the disease. These varieties were a 


j “3 
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key component of the green revolution of 
the 1960s, helping to boost wheat yields in 
Mexico and avert famine in India, Pakistan, 
and elsewhere. Ever since, the world had 
seemed safe from stem rust. Now, the ener- 
getic, tenacious, Nobel Peace Prize—winner 
is trying once more to defeat the threat. 

At the airstrip, researchers from the 
Kenya Agricultural Research Institute 
(KARI) hustled Borlaug into a car and 
drove him 50 kilometers to the experimen- 
tal plots they had planted in the village of 
Mau Narok. These small fields contained 
more than 100 varieties of wheat that had 
been sent to KARI from around the world 
to see how they would fare against Ug99. 

The situation looked bad. As Borlaug 
combed every inch of the field, bent over in 
the chilling wind, his alarm grew. Almost 
all of the varieties were infected, their 
stems covered with a rash of red, spore- 
filled pustules of Puccinia graminis. 
Finally, Borlaug found a few varieties that 
showed some resistance, but he remained 
pensive. The world was ill-prepared to fight 
this reemerging threat, he thought. 

Back in his office at the International 
Maize and Wheat Improvement Center 
(CIMMYT) in El Batan, Mexico, Borlaug 
kicked into high gear. With his characteris- 
tic passion and impatience with bureau- 
cracy, he wrote a blunt memo to CIMMYT’s 
director general calling for more funding 
and threatening to sever his ties with the 
institution if it didn’t happen immediately. 
Soon the Rockefeller Foundation, which 
had supported Borlaug’s early work on 
stem rust, contributed as well. Borlaug and 
others formed the Global Rust Initiative 
(GRI) to coordinate international activities, 
key among them testing more wheat vari- 
eties and breeding resistance. Relentless, 
Borlaug has kept using his connections and 
reputation to highlight the danger of Ug99 
and extract more funding from governments. 

Since then, CIMMYT has created 15 vari- 
eties of high-yielding Ug99-resistant wheat. 
Seed is being grown to send to countries 
infected with, or in the path of, Ug99. The 
fungus is already endemic in Kenya and 
Ethiopia, it has been found as far east as Iran, 
and it is threatening the breadbaskets of South 
Asia. Meanwhile, three new, dangerous 
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variants have appeared in South Africa and 
Kenya. “There is no room for compla- 
cency,” Borlaug exhorted more than 300 
wheat breeders and pathologists at a March 
conference in Ciudad Obregon, Mexico. 
“So let’s get on with the job.” 


Hunger pangs 
Born and raised on a farm near Cresco, 
Iowa, Borlaug initially wanted to be a high 
school science teacher. When he enrolled at 
the University of Minnesota in 1933, 
at the height of the Great Depression, 
he was sickened by the number of 
homeless people he encountered 
camped out in parks, hungry and beg- 
ging for food—a sight he never forgot. 
In the fall of 1937, Borlaug heard a 
lecture by Elvin Stakman, a renowned 
plant pathologist who studied stem 
rust, a poorly understood disease that 
periodically decimated wheat produc- 
tion around the world. “Rust is a shifty, 
changing, constantly evolving enemy,” 
Stakman said in his lecture. “We can 
never lower our guard.” Inspired by 
Stakman’s weaving together of micro- 
bial evolution and human hunger, Bor- 
laug switched to plant pathology and 
earned his Ph.D. with Stakman in 1942. 

Borlaug took a wartime job with 
DuPont, working on fungicides and bac- 
tericides. At that time, the Rockefeller 
Foundation was starting to work with Mex- 
ico to improve its agriculture. The founda- 
tion hired Stakman, and Borlaug joined the 
team in 1944. It was a rude awakening com- 
ing from the laboratories of DuPont. When 
Borlaug arrived at the fields donated by the 
Mexican government 30 kilometers outside 
of Mexico City, there wasn’t much to work 
with: one adobe shed and no equipment. 

Once again, Borlaug was shocked by 
poverty and hunger; on top of other prob- 
lems, 3 years of stem rust had slashed 
wheat yields in half. “I’ve seen 
the misery that comes from rust 
epidemics,” he says. Borlaug 
began to train Mexican tech- 
nicians and made thousands of 
crosses of wheat varieties from 
around the world, trying to 
improve resistance to stem rust, 
boost production, and adapt varieties to 
local conditions. Counter to the culture of 
the time, Borlaug insisted that scientists 
work alongside technicians in the fields. 
Yields began to improve. 

But the progress wasn’t fast enough for 
Borlaug. When he learned about an aban- 
doned experiment station 2000 kilometers 
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to the north in the Yaqui Valley of Sonora, 
he decided to visit. Stem rust had caused 
massive problems for wheat farmers there 
as well, but apparently one variety was 
somewhat resistant. It took 2 days to fly 
there in an old Fokker Tri-Motor. 

The station was in shambles, Borlaug 
recalls. “There was nothing except a few goats 
running around.” But Borlaug saw an oppor- 
tunity and had a crucial—if unorthodox— 
insight: He realized that because of the dif- 


In action. Borlaug evaluating wheat in Mexico in the early 
1960s. He assessed damage from Ug99 in Kenya in 2005. 
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ference in climate between the two stations, 
his team could grow two generations of 
wheat a year. First, they could plant summer 
wheat in the cooler highlands near Mexico 
City, then harvest that seed and plant it in the 
warmer fall weather in Sonora, which was 
only 40 meters above sea level. 

His idea instantly met with opposition. 
At the time, most agronomists thought that 
seeds required a dormant phase after har- 
vest. Another dogma was that breeders 
should plant their varieties and make selec- 
tions in the same place that 
farmers were planting. His boss, 
who vetoed the idea, also balked 
at the cost of renovating a sec- 
ond experiment station, as well 
as the time involved in trans- 
porting researchers and seed 
across the country. Borlaug 
threatened to resign. Finally, Stakman 
intervened, and Borlaug got the green light. 

This new approach, called shuttle breed- 
ing, cut breeding time in half; it also 
allowed Borlaug’s team to produce more 
adaptable varieties that could grow ina 
range of latitudes, climates, and soils. By 
1956, the team had introduced 40 varieties 
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that could resist stem rust, and Mexico no 
longer needed to import wheat. Breeders at 
CIMMYT are still shuttling seeds between 
Mexico City and Ciudad Obregon. 

Starting in 1953, they bred varieties with 
even greater yield potential, crossing their 
resistant wheat with short-stemmed wheat 
from Japan that produced more grain. Their 
short, sturdy stems prevented them from 
blowing over, which damages the plant. 
With these dwarf Mexican wheat varieties, 


first introduced in 1961, yield potential 
doubled to 9 metric tons per hectare. 


Worldwide impact 

Impressed with the success in Mexico, the 
Rockefeller Foundation decided to take it 
global. Working with the United Nations’ 
Food and Agriculture Organization, Borlaug 
helped create a network of about 15 test- 
ing nurseries around the world to test the 
disease-fighting, yield-boosting potential 
of these new varieties. These data proved 
crucial for helping deal with famines in 
South Asia in the mid-1960s. After some 
head-butting with bureaucrats to get the 
seed introduced, wheat yields rose by 60% 
in India and Pakistan by 1970. Pakistan 
became self-sufficient in 1968, and India 
6 years later. 

When CIMMYT was founded in 1966, 
Borlaug became director of the wheat- 
breeding program. On 20 October 1970, he 
had already left for the fields when his 
wife, Margaret, received a call at 4 a.m. 
announcing that Borlaug had won the 
Nobel Peace Prize. The citation noted that 
“more than any other single person of this 
age, he has helped to provide bread for a 
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hungry world. We have made this choice in 
the hope that providing bread will also give 
the world peace.” 

The green revolution has been criticized 
for its reliance on synthetic fertilizers, irri- 
gation that led to salinization of soils, and 
other problems; Borlaug acknowledges 
some of these shortcomings but says they 
pale in comparison to starvation and politi- 
cal unrest. Moving forward, he says, scien- 
tists will have to find a way to boost global 
grain production by 50% in 2 decades “in 
environmentally more sustainable ways.” 

After he officially retired from CIM- 
MYT in 1979, Borlaug turned to Africa, 
co-leading the Sasakawa-Global 2000 Pro- 
gramme to bring relatively 
simple technology—fertilizer, 
improved irrigation tech- 
niques, and crop manage- 
ment—to poor farmers. By 
the 1990s, Borlaug was also 
teaching fall semester 
courses at Texas A&M Uni- 
versity. He spent the rest of 
the year mainly in Mexico, 
where he consulted at CIM- 
MYT, starting his workday, 
as usual, before 6 a.m. His 
family saw him for just a 
few months a year, at 
most, as had been the case 
since he first began fight- 
ing stem rust in the 1940s. 


Stem rust returns 
Borlaug’s resistant vari- 
eties protected the world’s 
wheat against stem rust 
for decades. So it was a 
surprise to Ravi Singh, the 
chief bread wheat breeder for CIMMYT, 
when he heard about an infestation of stem 
rust at a research station in Uganda in 1998. 
“My first thought was it’s a mistake. It can’t 
be possible,” Singh recalls. Wheat in 
Uganda had typically been afflicted with 
yellow rust, not stem rust. 

But Borlaug says he was not surprised 
by the return of stem rust. “I used to tell the 
new people, ‘Don’t think this isn’t a prob- 
lem,’” he recounted to Science in a 2007 
interview. 

At first, the severity of the threat was 
hard to gauge, Singh says. After surfacing 
in 1998, the new race, dubbed Ug99, did 
not reappear at the Uganda research sta- 
tion’s monitoring plots for several years. 
But in 2002, the fungus showed up at the 
research station in Njoro, Kenya. Initially, 
some 30% of the varieties tested at KARI 


appeared vulnerable. The wind-borne 
spores were clearly spreading. 

“This is a time bomb,” Borlaug told his 
colleagues at CIMMYT, recalls Christopher 
Doswell of the Consultative Group on 
International Agricultural Research 
(CGIAR), a longtime associate. Even if 
conditions are not wet enough for an out- 
break, stem rust can lie in wait on alterna- 
tive hosts, such as a shrub called barberry. 
Ug99 is “going to lie there, and then all of 
the sudden it’s going to go boom,” Borlaug 
warned colleagues. 

In 2003, Ug99 was detected in Ethiopia, 
where it became established in the damp 
wheat fields of the highlands. Borlaug 


Test bed. Wheat vari- 
eties are being bred 
in many countries, 


for resistance to stem 
rust (bottom). 


thought nations should start growing, or 
“multiplying,” seed from the few known 
resistant varieties from Kenya. But agriculture 
departments in various nations that hadn’t 
seen stem rust in decades underestimated it, 
thinking their own varieties would be resist- 
ant. Hit with a budget crisis, CIMMYT 
couldn’t do the work alone. 

Borlaug started a quiet campaign, 
requesting a private meeting in 2004 with 
then—U.S. Department of Agriculture Sec- 
retary Michael Johanns, who steered an ini- 
tial $35,000 of emergency funds to testing 
efforts by scientists in Kenya and Ethiopia. 
Borlaug and Doswell also went to the U.S. 
Agency for International Development, 
which later provided $400,000. 

Borlaug was even more alarmed when 
he returned from his visit to Kenya in Janu- 
ary 2005. He railed against the bureaucracy 


including Ethiopia (top), 


and the shortage of funds at CGIAR, which 
hampered a rapid response. He was also 
mad at what he saw as the low priority 
national agricultural departments were giv- 
ing to monitoring for rust. 

Again, he appealed to the Rockefeller 
Foundation, which provided $80,000 to 
CIMMYT. It was enough to fund an expert 
panel to further assess the threat. Then 
CIMMYT and the International Center for 
Agricultural Research in the Dry Areas 
hosted an international meeting in Nairobi. 
Borlaug and Singh had urged breeders 
from 18 countries to send samples of com- 
mercially grown wheat to be planted by 
KARI. That way, they could see how they 
fared when infected with Ug99. During 
the field trip to the experimental plots, 
the visiting breeders were shocked at 
how many wheat varieties were stricken. 
“Tt was a mixture of embarrassment and 
desperation,” says Miriam Kinyua, a 
wheat breeder who was head of KARI’s 
Njoro station at the time. 

Ug99 continued its march. The next 
year, it turned up in Yemen, continuing a 
global track predicted to take it across 
the fertile crescent and into Southern 
Asia (Science, 30 March 2007, p. 1786). 
By 2007, the fungus had been found in 
the main wheat-growing area of western 
Iran, where for now it has stalled due 
to drought. 

Borlaug, too, has slowed down a bit 
after being diagnosed with lymphoma in 
2006. But he still helped garner a 5-year, 
$27 million grant from the Gates Foun- 
dation that’s being used to fund basic 
research, surveillance, and breeding. 

The cancer is under control now, and 
Borlaug was full of vigor at a March 
meeting of the renamed Borlaug Global 
Rust Initiative in Ciudad Obregon. After 
visiting his old research plots, he says he’s 
pleased with progress but insists much 
more needs to be done. “It has to be an 
international effort,’ he says, thumping his 
finger on the arm of his wheelchair. “So 
you can move the multiplication [of seed] 
and the replacement of the susceptible vari- 
eties before disaster strikes.” 

Ronnie Coffman of Cornell University, 
BGRI’s vice chairperson, says that bringing 
researchers together to work on stem rust 
has become a second calling for Borlaug. 
“He’s almost an evangelist now,” he says. 
And the missionary work continues. When 
Coffman and Borlaug visited Washington, 
D.C., last year, Borlaug insisted on renew- 
ing his passport. 

—ERIK STOKSTAD 
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WENCHUAN EARTHQUAKE 


A Deeply Scarred Land 


Rock and mudslides in Sichuan have buried vast forested areas, ruined farmland, and 
disrupted the habitats of pandas and golden monkeys; the recovery will take decades 


LONGMENSHAN, CHINA—In the morning of 
12 May 2008, Ren Diandong gave a talk on 
landslide modeling at the Institute of Atmos- 
pheric Physics of the Chinese Academy of Sci- 
ences (CAS) in Beijing. A few hours later, 
Ren’s model was put to the supreme test: a mag- 
nitude-7.9 earthquake in Sichuan Province’s 
Longmenshan range (Science, 20 June 2008, 
p. 1578). As early reports came in that after- 
noon of a disaster that would leave nearly 
90,000 people dead or missing, Ren, a clima- 
tologist at the University of Texas, Austin, knew 
the quake had struck in landslide country—and 
with the rainy season about to begin, the frac- 
tured land would soon be thick with mudslides. 

In the weeks that followed, Ren and col- 
leagues pored over satellite images of land- 
slides, rock falls, and debris flows in an earth- 
quake-ravaged area the size of Belgium. 
Their model suggests that slides buried 
about 235 million tons of carbon in vegetation 
from Longmenshan’s forest ecosystem. As it 
rots in the coming decades, it should release 
more than 100 million tons of carbon dioxide 
(CO>), according to the model—roughly 
equivalent to 2% of current annual global 
emissions from fossil fuel combustion. Soil in 
many landslide zones will also be nitrogen- 
poor for decades to come. 

As China mourns the first anniversary of 
the Wenchuan earthquake, the ecological toll is 
just coming to light. Besides unleashing green- 
house gases, landslides caused widespread 
habitat fragmentation—threatening the 
region’s unique assemblage of species, includ- 


ing its dwindling wild population of giant pan- 
das. Landslides destroyed 122,000 hectares of 
vegetation, including 98,000 hectares of forest, 
says Bao Weikai, a plant ecologist at Maoxian 
Mountain Ecosystem Research Station of 
CAS’s Chengdu Institute of Biology (CIB). It 
will take years of survey work, he and others 
say, to understand how Sichuan’s biodiversity 
hot spot will respond. 


Damaged habitats 

On a misty late April day, schoolchildren on 
bicycles race home along a highway leading to 
the Longmenshan mountains. They blur past 
four elderly men playing mahjong outside a 
prefabricated shelter, past a group of women 
practicing tai chi moves in sync, past bustling 
construction sites in Tongji, where duplexes 
and townhouses will replace homes reduced to 


a6, 


wrecked hotel in Longmenshan town. 


End of the line. The road to Baishuihe disappears just past this 
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Sanctuary or survival test? Scientists can only 
guess how pandas are faring in Baishuihe reserve, 
beyond the collapsed Xiao Yu Dong Bridge. 


rubble by the Wenchuan earthquake. Most of 
the town’s houses were destroyed, but by good 
fortune only a few dozen residents died. 
“When the earthquake struck, farmers were in 
their fields, and it was 3 minutes before the next 
class, so a lot of children were outside the 
school,” says CIB ethnobotanist Luo Peng. 

In neighboring Longmenshan town, on the 
other side of the collapsed Xiao Yu Dong 
Bridge, the semblance of normality evaporates. 
Sheared-off slabs of highway lie in ravines, and 
landslides with patchy new grass entomb other 
sections. In a narrowing valley, just past a 
ruined hotel—ecotourism was Longmenshan’s 
main source of revenue before the quake—the 
road leading to Baishuihe National Nature 
Reserve was wiped off the map. 

That makes Zang Xuan’s job difficult. 
Before the earthquake, the ranger lived ina 
field station deep inside the reserve. Zang and 
his fellow rangers escaped with minor injuries 
when their outposts collapsed. Nowadays, get- 
ting into Baishuihe is an arduous hike. ““We 
can’t carry out regular monitoring,” Zang says. 
But from what they’ve seen in limited excur- 
sions, the damage is enormous: Landslides 
caused extensive forest fragmentation up to an 
altitude of about 2500 meters. “The earth- 
quake damaged half of the giant panda’s habitat 
in Baishuihe,” says CIB forest ecology Pan 
Kaiwen. Rangers have no idea how the 
reserve’s star attraction is faring, nor how other 
animals such as golden monkeys are coping. 
“With the road gone and no more tourists, 
maybe the pandas are happier. Or maybe they 
are struggling to find food,” says Zang. “We 
just don’t know.” 

Although the impact on the panda’s food 
supply is still unclear, many farmers suffered 
real losses. “Landslides destroyed a lot of cul- 
tivated land,” Pan says. One priority of the 
reconstruction effort is to iden- 
tify new cropland—no easy 
task in the rugged earthquake 
zone. A failure to replace 
farmland could further harm 
the region’s ecosystems, says 
Pan, if desperate former farm- 
ers were to start foraging in 
nature reserves for lucrative 
medicinal plants. 


Slow recovery 

Since the first days after the 
earthquake last May, a team 
led by geomorphologist Cui 
Peng of CAS’s Institute of 
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Some Unwelcome Questions About Big Dams 


CHENGDU, CHINA—Soon after the magnitude-7.9 Wenchuan earthquake 
struck last May, geologist Fan Xiao uttered publicly what many anxious scientists 
were discussing privately: Could a large dam near the fault have triggered the dev- 
astating quake? 

The 156-meter-high Zipingpu Dam began to fill in December 2004, and 
within 2 years the water level had risen to 120 meters. Following normal oper- 
ation, the reservoir’s level dropped as water was released downstream during 
the winter and early spring 2008 and was at a low level when the Wenchuan 
earthquake occurred. Removing the pressure of several hundred million tons 
of water on a slip thrust fault like Longmenshan may have destabilized it, 
increasing the risk of a rupture, argues Fan, a senior engineer at the Sichuan 
Bureau of Geology and Mineral Resources in Chengdu. Reservoir-induced seis- 
micity is an accepted phenomenon, but Wenchuan’s magnitude was much 
higher than that of the biggest earthquake previously linked to a dam, a mag- 
nitude-6.5 temblor in India in 1967 that killed nearly 200 people. 

Dam or no, the Wenchuan earthquake was inevitable, Fan says. But he 
asserts that Zipingpu, just 5.5 kilometers from the quake’s epicenter, may have 
caused the Longmenshan fault to fail decades or even centuries earlier than it 
might have without added stress. Fan's outspokenness—and Science's cover- 
age (Science, 16 January, p. 322)—has provoked the wrath of hydropower pro- 
ponents and scientists who rule out a Zipingpu-Wenchuan link. Science spoke 
with Fan about his views. -R.S. 


Q: What further evidence would support a Zipingpu-Wenchuan link? 
X.F.: According to the State Council, every dam higher than 100 meters and 
with a capacity of more than 50 million cubic meters of water must have a spe- 
cial monitoring system to detect slight tremors. Zipingpu has such a system. A 
reservoir-triggered earthquake should have more foreshocks than a natural 
earthquake. Last fall, a paper in Geology and Seismology reported that before 
the Wenchuan earthquake, there were many small foreshocks around the dam. 
And this activity correlated to changes in the reservoir's water levels. 


Mountain Hazards and Environment in 


Q: You mean the earthquake swarm near Dujiangyan [a town near 
the epicenter badly damaged in the quake] in February 2008? 
X.F.: Yes, it was spectacular. There were about 200 small earthquakes, 
including five bigger than magnitude 3 during the evening on 14 February. 
Many people in Dujiangyan ran out of their homes. Then there was another 
swarm at the end of February and 
early March between Dujiangyan and 
Pengzhou. All these earthquakes hap- 
pened when the water level in Zip- 
ingpu reservoir was low. 

SSB [Sichuan Seismological 
Bureau] has data that would let us 
examine this more closely. Last Octo- 
ber, SSB’s director promised to release 
the data. | hope this happens soon. 


Sticking his neck out. Fan Xiao. Q: There are many dams planned or 
under construction in seismic areas 
in western China. Are there any you are especially worried about? 

X.F: Jinping on the Yalong River. When it’s finished, it will be one of the high- 
est dams on Earth—305 meters high—and it will accumulate four times as 
much water as Zipingpu. It’s in an earthquake-prone area [of southwestern 
Sichuan]. Last year, SSB found that the dam’s developers hadn't yet established 


the required monitoring system. 


Q: What should be done about this? 

X.F.: There’s no possibility to delay or stop building dams, even in high-risk 
areas. What we can do is raise building standards and improve monitoring of 
foreshocks. Early warning might give people a chance to escape. 


Q: Have you come under pressure for expressing your views? 
X.F.: Scientific issues are open to discussion. But hydropower companies—it is 
fair to say they are not happy with me. 


Chengdu has made a few dozen expeditions 
into the disaster area to chart the extensive 
scarring of the slopes. Because landslide 
scars tend to be midway up slopes, the loss 
of shearing resistance makes slides at 
higher elevations more likely. The dramatic 
loss of stability “is a huge change” that 
could last 5 years or more, says Cul. 

Ren’s group took stock using a model that 
he calls “a unified approach for a disparate 
set of poorly understood geophysical phe- 
nomena,” from landslides to glacier move- 
ments. The team cut its teeth on southern Cal- 
ifornia’s wildfires in 2007, successfully pre- 
dicting which burn scars would be most 
unstable and prone to slides. Applied to the 
Wenchuan quake, the model produced stag- 
gering figures for how much carbon and 
nitrogen will seep into the atmosphere, the 
team reported in March in Geophysical 
Research Letters. And those releases could 
become chronic: “If a warming climate 
causes more frequent storms of greater inten- 
sity, it’s likely that the affected ecosystem will 
become a net CO) source,” Ren says. 


CIB researchers are eager to ground-truth 
Ren’s predictions, which they feel may be an 
overestimate. Data in Ren’s paper are “coarse,” 
says Bao. On many Longmenshan slopes the 
soil is “very thin,’ he says, and could not sup- 
port the amount of vegetation Ren’s group says 
was uprooted or smothered. The CIB team also 
notes that satellite-based estimates of land- 
slide-degraded land are imprecise. “Monitor- 
ing should give us a more exact understand- 
ing,” says plant ecologist Wu Ning, CIB’s 
director. According to Bao, CIB plans to assess 
carbon loss at as many as 200 landslide sites in 
various ecosystems and climate regimes. 

Another wildcard is how fast vegetation 
will recover—and that will not be uniform 
across the Longmenshan range. Areas to the 
south and east “are very moist and should 
recover more easily,” says Pan. Grasses and 
shrubs are already gaining footholds on land- 
slides in those areas. But it could take much 
longer for more arid land to the west, where the 
soil is thinner and nutrient-impoverished, to 
regain its pre-earthquake vitality, he says. Even 
30 years after the magnitude-7.2 Songpan 
earthquake rattled the northern Longmenshan, 


some steeper slopes are still mostly bare. It 
could take a century or longer for forests to 
return on similar dry slopes destabilized by 
last year’s earthquake, says Bao. 

For most slopes, CIB researchers will be 
content to watch natural restoration unfold. 
But they are planning to restore destroyed sec- 
tions near towns and along highways, mainly 
by planting indigenous shrubs. When they are 
able to lay hands on seedlings, that is: No 
organization has been responsible for breeding 
these species, says Wu. CIB also hopes to min- 
imize the impact of a major reconstruction 
project, a new railway line that will connect 
Chengdu and Lanzhou. The tracks will run 
through several reserves and could further 
degrade habitats, CIB researchers say. Bisect- 
ing the reserves could be a particular problem 
for pandas, which range widely for food. 

In the meantime, some researchers could 
spend the rest of their careers measuring the 
earthquake’s ruinous environmental footprint. 
“We'll need at least 30 to 50 years to get a true 
picture of how the region recovers its ecologi- 
cal function,” says Wu. 

—-RICHARD STONE 
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MYANMAR 


One Year After a Devastating 
Cyclone, a Bitter Harvest 


Myanmar weathered Cyclone Nargis better than expected, but the global financial 
crisis has jeopardized the country’s fragile food security 


During the night of 2 May 2008, Cyclone 
Nargis barreled across Myanmar’s Ayeyarwady 
delta, flattening homes and sweeping away 
people, draft animals, and stores of rice. On a 
visit to the region 4 months later, plant physiol- 
ogist Abdelbagi Ismail saw vestiges of the 
storm’s fury, including tidal-surge watermarks 
more than 2.5 meters high on the few trees left 
standing. He witnessed the lingering anguish of 
survivors who lost entire families among the 
140,000 people dead or missing. 
“The scene was shocking, and the 
stories we heard from farmers were 
horrific,” says Ismail, who with 
four colleagues from the Inter- 
national Rice Research Institute 
(IRRI) in Los Bajios, Philippines, 
went to Myanmar (formerly 
Burma) to advise local scientists 
on how to restore rice yields after 
the cyclone. 

A year after one of the dead- 
liest cyclones in modern history, 
Myanmar’s food security teeters 
on a knife’s edge. Emergency 
food relief averted starvation 
among the 2.4 million survivors 
in the delta, and rice production 
countrywide has largely re- 
bounded thanks to favorable 
weather and the use of high-yield varieties. 
But Nargis paved the way for another crisis— 
the global financial meltdown—to push 
Myanmar to the brink of catastrophe. 
Credit has evaporated, paddy farmers are 
going broke, and household rice stores are 
dwindling. “The country’s rural economy 
has virtually collapsed,” an official with 
International Development Enterprises, a 
nonprofit operating in Myanmar, said to a 
gathering of food security experts in Yan- 
gon in March. “The current conditions are 
unprecedented in living memory.” 

To help Myanmar cope, the European 
Commission, Australia, the U.K.’s Depart- 
ment for International Development (DFID), 
and other donors are establishing LIFT, a 
$100 million, 5-year fund for livelihoods and 
food security. Priorities of the U.N.-managed 
fund are expected to include microcredit 
schemes, agricultural policy reform, small 


business development, and R&D to boost 
agricultural productivity. 

Nargis meted out a major blow to fragile 
farm communities. With gusts topping 200 
kilometers an hour, the cyclone cut a swath of 
devastation 150 kilometers wide as it churned 
northeast across the Ayeyarwady delta and 
over Yangon (formerly Rangoon), Myanmar’s 
capital and biggest city. The tidal surge 
swamped an estimated 783,000 hectares of 


paddy fields, destroying a third of the crop in 
the delta, the country’s rice bowl. Local rice 
varieties are tall and blow down easily, says 
Ismail, and they succumb readily when fields 
are flooded or salty. Nargis also ruined much 
of the delta’s rice seeds, which had been stored 
in bamboo containers that were easily water- 
logged. “Nargis made a bad food-security sit- 
uation worse,” says Zoe Hensby, livelihoods 
adviser at DFID. 

At first, Burmese scientists feared that 
delta paddies would remain too saline to grow 
rice for months. “From the beginning, our 
advice was not to worry about it,” says Ismail. 
According to observations after the December 
2004 tsunami and Cyclone Sidr, which 
slammed Bangladesh in November 2007, salt 
intrusions were washed out the following rainy 
season. Nargis came at the end of Myanmar’s 
dry season, just before cleansing rains. By the 
time the IRRI team arrived in the middle of the 
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monsoon season in August, salinity was back 
to normal in fields they inspected and farmers 
had managed to replant 80% of disaster-hit 
paddies. “They bounced back and hada crop in 
the ground,” says IRRI’s Grant Singleton. 
“They showed tremendous resilience.” 

Such perseverance helped Myanmar last 
year to export nearly half a million tons of 
rice, according to a report last January for the 
United Nations Food and Agriculture Organi- 
zation (FAO) and the U.N. World Food Pro- 
gramme. “The paddies are recovering,” says 
Cheng Fang, an economist at FAO’s Global 
Information and Early Warning System on 
Food and Agriculture in Rome. His team had 
rare permission from Myanmar authorities to 
travel to all areas of the tightly controlled 
country for a month last autumn. 

Robust rice yields were about the only piece 
of good news that Fang’s team uncovered. In 
addition to the appalling human 
toll, Nargis drowned 122,000 
water buffalo and robbed survivors 
of farm implements and fishing 
boats and gear. “Many families lost 
everything: their homes, property, 
and job opportunities,” says Fang. 

The U.N. team also noted that 
Nargis coincided with a grave pest 
infestation in Chin, Myanmar’s 
poorest state. In a phenomenon 
that recurs every half-century or 
so, bamboo flowered en masse in 
Chin in 2007. The sudden fecun- 
dity fueled an explosion in the rat 
population. “When this happens, 
it is invariably a major traumatic 
event,” says Singleton, a zoologist 
who specializes in rodents. Last 
year, rats decimated Chin’s corn 
and rice harvests, “leading to acute food inse- 
curity in many villages,” according to the U.N. 
report, which forecasts that the situation will 
remain critical until July. 

In the meantime, the global financial 
downturn has exposed and aggravated the 
frailties of Myanmar’s agricultural system. 
“Many households are facing unprecedented 
levels of hardship,” says Hensby. 

To mitigate the impact of future cyclones, 
IRRI has sent submergence and salt-tolerant 
rice varieties to Myanmar for testing. IRRI’s 
Irrigated Rice Research Consortium is also 
working with Burmese universities to incor- 
porate cutting-edge technologies and knowl- 
edge into curricula to better train future agri- 
cultural scientists and extension officers. 
Myanmar may have weathered Nargis better 
than expected, but the country’s food security 
is more vulnerable than ever. 

—-RICHARD STONE 


www.sciencemag.org SCIENCE VOL324 8 MAY 2009 


Published by AAAS 


715 


© 2009 Thermo Fisher Scie 
are the property of Ther 


Meet your new lab partner. 


The new Thermo Scientific NanoDrop 2000 and 2000c 
Spectrophotometers offer true micro-sample analysis, with 
sample size capability as low as 0.5 ul and a measurement 
time of less than five seconds. Either of these is the perfect 
instrument for all your quantitation needs—DNA, RNA, proteins and 
more. Providing full spectrum UV-Vis results, both instruments 
can analyze samples with concentrations greater than 15,000 ng/pl 
(dsDNA) without dilutions. Innovative software makes it easy to 
build your own methods, design reports and export data. And 
with both pedestal and cuvette capability, the NanoDrop™ 
2000c is the one spectrophotometer that does it all. 


Test-drive the NanoDrop 2000 or 2000c in your own lab!* 
Visit www.nanodrop.com to schedule your test-drive. Try out an 
instrument and run your own samples. It’s completely free. 


* Available only in US and Canada 


Moving science forward 


Thermo Scientific NanoDrop 2000c 
The only spectrophotometer that 
combines micro-volume pedestal 
technology and cuvette capability 


Thermo 


SCIENTIFIC 


Part of Thermo Fisher Scientific 


CREDITS (TOP TO BOTTOM): TAYLOR HERMES; (MAP INSETS, LEFT TO RIGHT) ARALDO DE LUCA/CORBIS; FRANCIS G. MAYER/CORBIS; COURTESY OF EXOTIC INDIA, WWW.EXOTICINDIAART.COM 


ARCHAEOLOGY 


Going the Distance to Uncover 
The Roots of Trade in the Near East 


Archaeologists are revealing the “invisible exports” of the world’s first civilizations: 
textiles, silk, and stone shipped to ordinary people rather than elites 


As long as there have been humans, there has 
been trade. Long before animals were domes- 
ticated and agriculture took hold, people 
moved prized objects over long 
distances. But trade in gem- 
stones and other prized goods 
has generally been seen as 
playing only a minor part in the 
emergence of civilization. 

Now archaeologists are 
finding a more important role 
for trade at the start of the 2nd 
millennium B.C.E., when the 
first complex societies took 
hold across the Old World. 
“Most of our focus on trade in 
the Bronze Age has been on 
exotic, high-value goods,” says 
archaeologist Monica Smith of 
the University of California, Los Angeles. 
There is growing evidence that more ordinary 
goods—ranging from textiles to food—were 
transported over long distances, Smith and 
others said at the recent Society for American 
Archaeology (SAA) meeting, held in Atlanta, 
Georgia, from 22 to 26 April. That network, 
connected in part by mobile pastoralists or 
nomads, may have played an important role in 
encouraging the growth of the world’s first 
cities, as well as mercantile classes, standard- 
ized measures, and other aspects of life we 
take for granted in our globalized economy. 

During the start of the 2nd millennium 
B.C.E., the market for precious goods such 
as lapis lazuli boomed from Central Asia in 
the north to the Persian Gulf in the south, and 
from Mesopotamia in the west to the Indus 
in the east (see map). Such durable goods 
were often passed on or buried, and so are 
visible to archaeologists. 

Until recently, however, there has been lit- 
tle data on trade in more ordinary and degrad- 
able objects, such as textiles. But scholars who 
examine Mesopotamian cuneiform texts have 
long puzzled over hints of widespread trade in 
common goods as far back as 2500 B.C.E. 
Using new methods of analysis, researchers 
are now picking up traces of what they once 
called “invisible exports.” In recent years they 
have found evidence, for example, that linen, 
wool, and hemp were shipped from the Indus 


Nomad man. Michael 
Frachetti examines ancient 
pastoralist evidence in 
Kazakhstan. 


civilization in today’s Pakistan and India to 
Shahr-i Sokhta, a former city in eastern Iran. 
In a recent issue of Archaeometry, Harvard 
University archaeologist Irene 
Good demonstrated that silk made 
in the Indus (centuries before there 
is evidence for it in China) made 
its way as far north as Afghanistan 
and as far east as the Deccan 
plateau. Fabric impressions, 
knives likely used for cutting car- 
pet fibers, and images showing 
sophisticated patterns in clothes 
point to textiles as an important 
export of the Indus civilization 
until it began to dissolve around 
1800 B.C.E. And to the north, in 
today’s Afghanistan and Turk- 
menistan, large settlements that 
were part of the Oxus civilization, which 
flourished from roughly 2000 to 1700 B.C.E., 
imported a host of goods. “It is hard to 
imagine the immense amount of raw stone, 
metal, and other production materials which 
had to be brought into the desert oases,” says 
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archaeologist Fredrik Hiebert of the National 
Geographic Society in Washington, D.C., 
who presented at the SAA meeting. “It rep- 
resents interregional exchange to a level not 
previously seen.” 
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Global market. Ancient objects such as this chlorite vase from Iran trav- 
eled thousands of kilometers, while Mesopotamian tablets detail trade in 
textiles, perhaps hinted at in the elaborate clothing of an Indus statue. 
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How were these goods moved? In 
Mesopotamia, Assyrian traders left behind 
texts detailing their business. But some 
archaeologists are also turning their attention 
to the shadowy role of nomads. 

Nomads were once thought to have grown 
numerous only with widespread domestica- 
tion of the horse across Eurasia, well into the 
2nd millennium B.C.E. But Michael Frachetti 
of Washington University in St. Louis, Mis- 
souri, has found evidence that mobile pas- 
toralists thrived as early as 2460 B.C.E. in 
eastern Kazakhstan—800 years earlier than 
once thought. In an SAA presentation, he 
asserted that such sheep and goat herders 
played a key role in transmitting innovations 
during the Bronze Age. 

Nomads could carry large quantities of 
light goods such as textiles over long dis- 
tances as part of their regular movements. 
Rather than an organized system controlled 
by a powerful king or merchant class, trade 
in this period may have depended in large 
part on such pastoralists who left little 
behind in the archaeological record. “They 
are the agents of the networks—the Web 
brokers of their world,” says Frachetti. Solid 
evidence of this has yet to come to light and 
may be hard to come by. But Hiebert agrees 
that pastoralists likely played a critical role 
in connecting urban societies like the Oxus; 
he found evidence that the Oxus people 
turned to the growing pastoral populations 
as both a market and source of goods after 
the Indus civilization collapsed. 

And where there were 
few pastoralists or inde- 
pendent merchants, there 
may have been little trade. 
During the early 2nd mil- 
lennium B.C.E., few pas- 
toralists roamed between 
Mesopotamia and Egypt, 
and the civilizations 
apparently had virtually no 
interaction, says Smith. 
Meanwhile, trade between 
Mesopotamia and the Indus 
was steady despite the 
longer distances involved. 

Smith further suggests 
that ancient peoples may 
have seen goods such as 
ceramics and flints as 
throwaway items and 
viewed “perishable” textiles 
as both valuable and durable. Viewed from 
that perspective, the Mesopotamian rug may 
have entranced an Anatolian homemaker— 
and spurred civilization at the same time. 

-ANDREW LAWLER 
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Shuttle Crew Set to Prepare Hubble 
For a Star-Studded Grand Finale 


New instruments and crucial repairs will make the Hubble Space Telescope’s last years 
an astronomical feast, if a NASA mission this month goes as planned 


Five years ago, after NASA canceled its fifth 
and final servicing mission to the Hubble 
Space Telescope in the aftermath of the 
Columbia shuttle disaster, the glory days of 
the astronomical workhorse seemed to be 
drawing to a close. Unless NASA changed its 
mind, astronomers predicted, the end of the 
decade could be the time to write 
the telescope’s epitaph. 

This month, however, a mis- 
sion to fix and upgrade the Hubble 
will blast skyward in hopes of 
giving the orbiting observatory a 
fresh lease on life and another 
shot at glory. Astronauts are 
scheduled to install a new camera 
and a spectrograph many times 
more powerful than previous 
instruments, swap out all six of 
the telescope’s gyroscopes, 
replace its batteries, install a new 
backup computer, and attempt to 
repair an existing spectrograph 
and camera that are not function- 
ing. The mission—expected to be 
the final maintenance visit to the 
Hubble—is aimed at keeping the 
telescope in operation until 2014. 

If all goes well, NASA offi- 
cials and researchers outside the 
agency say the upgraded Hubble 
will send home images of the 
near and distant universe far 
more detailed than anything seen 
before. In doing so, the telescope 
should enable astronomers to 
gain new insights into funda- 
mental questions such as the structure of the 
universe and the nature of dark matter. 
Observations made by the new instruments 
should also provide researchers with a better 
understanding of the evolution of galaxies, 
the birth of stars, and the composition of 
intergalactic gases. 

Astronomers expect the results from the 
next chapter to match the luster of Hubble’s 
legendary discoveries such as the age of the 
universe and the existence of dark energy. In 
its 18 years of operations, “Hubble has 
changed the way the world looks at the uni- 
verse,’ says Eric Smith, NASA program man- 


telescope. 


Coming up. Wide Field Cam- 
era 3 (above) and the Cosmic 
Origins Spectrograph (right) 
are scheduled to be installed 
aboard the refurbished space 


ager for both Hubble and the James Webb 
Space Telescope—an infrared telescope 
scheduled for launch in 2013. The coming 
5 years of observations “will push Hubble to 
its limits,” he says. “The questions that arise 
from these observations will point the way to 
telescopes in the future.” 


Fainter, farther, sharper 

The two new instruments being flown to the 
Hubble are the Wide Field Camera 3 (WFC3), 
which will replace the existing Wide Field 
Planetary Camera 2 (WFPC2), and the Cos- 
mic Origins Spectrograph (COS). They will 
join two instruments on board that astronauts 
will maneuver to fix after they have installed 
the new ones. The first is the Advanced Cam- 
era for Surveys (ACS), which gave 
researchers the deepest glimpses yet of the 
distant universe before an electronics failure 
put it out of commission in January 2007. The 
second is the Space Telescope Imaging Spec- 


trograph, which enabled astronomers to find 
supermassive black holes at the centers of 
galaxies and fathom the atmosphere of an 
extrasolar planet until a 5-volt power supply 
failure froze it in August 2004. 

WFC3 is designed to take pictures in 
wavelengths stretching from the ultraviolet 
(UV) to the near-infrared region of the electro- 
magnetic spectrum. That will allow it to 
observe young, hot stars, which glow in the 
ultraviolet, as well as older and cooler stars, 
which glow in the infrared. With a wider field 
of view than the ACS and more-efficient 
detectors, the camera should be 10 to 30 times 
more sensitive than previous instruments 
were: It will see fainter and more distant 
objects and image nearby galaxies in more 

telling detail. 

The range of observations possible with 
WEC3 gives it the capability to address a vari- 
ety of astronomical questions, says Robert 
O’Connell, an astronomer at the University of 
Virginia in Charlottesville who chairs the sci- 
entific oversight committee for the camera. 
For example, researchers will be able to use its 
sensitive infrared channel to get detailed pic- 
tures of objects with a very high redshift: 
galaxies so distant—and receding from us so 
quickly—that the light waves coming from 
them are stretched along the way. The light 
from supernovae or exploding stars spotted 
within these galaxies should lead to insights 
about dark energy, whose effect on the expan- 
sion of the universe is discernible from the 

brightness of such super- 
novae. WFC3’s unprece- 
dented sensitivity in the UV 
region will provide for high- 
resolution images of stellar 
populations nearby, which 
researchers will be able to 
mine “to learn about the star- 
formation history” of those 
galaxies, O’Connell says. 

COS is an instrument the 
size of a snack vending 
machine, built to observe how 
UV light from a variety of sources is modified 
as it passes through the material between 
galaxies. The most sensitive UV spectrograph 
ever built for space, it should be able to 
observe objects 20 times fainter than what was 
possible with previous Hubble instruments, 
says J. Michael Shull of the University of Col- 
orado, Boulder, where the instrument was 
designed. As a result, researchers will now be 
able to look at light from many more back- 
ground sources than before, in effect expand- 
ing the cosmic vistas that can be probed. 

One of COS’s goals is to help understand 
the structure and composition of the cosmic 
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A REPRIEVE—AND RISK 


It’s the ultimate house call. Orbiting 
500 kilometers above Earth, astronauts 
should soon begin the laborious and dan- 
gerous task of repairing and renovating the 
world’s most famous telescope. Juggling 
60 new tools, wrestling with more than 
100 pesky screws, and dodging countless 
micrometeoroids, the crew of the Atlantis 
orbiter aims to refurbish the Hubble Space Telescope during five 
feverish days. “This is no piece of cake,” says Edward Weiler, NASA’s 
space science chief. “But there’s a huge payoff.” 

The astronauts’ task in orbit, however, is just the tail end of a long 
and bitter battle. The fight began in 2004, in the wake of the Columbia 
disaster, when NASA officials decided that returning to the $1.5 bil- 
lion Hubble posed an unacceptable risk to astronauts and the space 
shuttle. “That threw the [astronomy] community into a frenzy,” 
recalls Eric Smith, NASA’s program scientist for the Hubble. 
Researchers, he adds, were eager to keep Hubble going until the 
James Webb Space Telescope (JWST) goes into orbit in the next 
decade. But without a fifth servicing mission, Hubble was likely to 
go on the blink by 2007 or 2008. 

Scientists were not the only people flummoxed and infuriated by 
the decision. “The public had a great sense of ownership,” Smith 
recalls. Angry editorials appeared, congressional hearings were 
called, and then—NASA Administrator Sean O’ Keefe was put on the 
defensive. Efforts to send a robotic mission to upgrade the telescope 
fell through when high cost and technical risk made it an unrealistic 
option. O’Keefe eventually resigned, in part, NASA insiders say, 
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Dry run. Astronaut in a neutral-buoyancy tank 
train to repair the Advanced Camera for Surveys. 


versy. At the prodding of Congress, his 
successor, Michael Griffin, reversed the 
decision in October 2006. 

A second shuttle will be poised on the 
launch pad when Atlantis roars into space, 
in case a space rescue is necessary. And the 
crew is experienced: John Grunsfeld flew 
twice on earlier repair missions to the tele- 
scope. The astronauts have been undergoing years of grueling training 
sessions at Johnson Space Center in Houston, Texas. Along with 
installing two new instruments (see main text), the crew will replace 
failed and failing batteries and gyroscopes with new ones designed to 
allow Hubble to function at least until 2014—a year after JWST is 
slated to take to the stars. They will also replace Hubble’s data format- 
ter, which failed just weeks before a planned October 2008 launch of 
the Atlantis mission, forcing NASA engineers to postpone the flight 
by several months while they readied replacement hardware and 
trained the crew to install it. 

The sheer complexity of the task, which will require two more 
days of spacewalks than previous repairs did, is not the only concern. 
Hubble flies higher than the space station and is exposed to a greater 
amount of rocket and satellite debris as well as to micrometeoroids 
that burn up at lower altitudes. To avoid that space junk, which could 
puncture the shuttle, the pilot will turn the craft’s rugged main engines 
in the direction most likely to encounter oncoming debris. 

If the complex effort proves successful, NASA officials say that it 
will demonstrate conclusively that humans can play an important role 
in future robotic missions—what Smith calls “the beautiful dance 


because the White House lost faith in him because of the contro- 


web—the cross-linked arrangement of nar- 
row filaments containing the matter that 
galaxies and planets are made of. Much of this 
matter—comprising protons, neutrons, and 
other subatomic particles—is invisible and 
resides in the gigantic voids between galaxies. 
Using COS to trace the spectral signature 

of ionized hydrogen and oxygen in the 
intergalactic medium, “we are 
going to map out the filaments of 
the web to billions of light-years 
away,” says Shull. He adds that the 
instrument will also enable 
researchers to study questions 
such as the chemical composition 
of some of the earliest stars to form 
after the big bang and the nature of 
intergalactic dust clouds. 


Pushing the envelope 

It’s not just the upgrades to the Hubble that 
astronomers are looking forward to. Many are 
just as keenly hoping that the scheduled repairs 
go as planned. Brian Chaboyer, a professor at 
Dartmouth College, is counting on the replace- 
ment of the gyroscopes for his studies of some 
of the oldest stars in the universe. 
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Originally designed to operate using three 
gyros, instruments that help the telescope 
point and stabilize in space, the Hubble has 
been using only two since February 2005. 
Chaboyer says that has been a limitation in 
accurately determining the distances of old 

stars. With three gyros working again, he 
expects to be able to “push the enve- 
lope on accuracy,” going down from 
a 10% margin of error to within 
3% to 4%. It makes a big differ- 
ence: “The current error can mean 
plus or minus 2 billion years for 
the age of the star,” he says. The 
improved accuracy can help better 
address questions related to the for- 
mation of early galaxies, for instance, 
“if there was a window of 2 [billion] to 3 bil- 
lion years when stars were forming all over the 
place,” Chaboyer says. 

Francois Schweizer, an astronomer at the 
Carnegie Observatories in Pasadena, Califor- 
nia, is keeping his fingers crossed about the 
repairs to ACS. He needs that camera to 
resume studying NGC 7252, the remnant of a 
merger between two galaxies. On the basis of 
earlier observations with the WFPC2, the 
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between man and machine.” 


—-ANDREW LAWLER 


camera scheduled to be taken off the Hubble 
during this mission, Schweizer and colleagues 
reported in 2003 that NGC 7252 had some 
extraordinarily massive young star clusters. 
High-resolution imaging of the clusters with 
ACS, they hoped, would help them under- 
stand how clusters form and evolve in the 
merger of galaxies. But ACS failed before the 
researchers could get their chance. 

Schweizer and his colleagues have again 
been granted observing time with ACS, 
whose spatial resolution—unmatched even by 
WFC3—is essential for the planned study. 
“The catch is that it’s the very last scheduled 
repair. Every planned fix will have to be car- 
ried out successfully before it happens,” he 
says. “As you can imagine, all members of our 
team are keeping their fingers crossed.” 

NASA officials are optimistic. “The fully 
restored instruments, along with the new 
ones, will give the astronomical community 
a marvelous machine to exploit its creativ- 
ity,” says Smith. “The science we expect to 
get will be great, but the science we didn’t 
forecast will change the way we think about 
the universe forever.” 

—-YUDHIJIT BHATTACHARJEE 
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edited by Jennifer Sills 


The Spread of Grapevine 
Trunk Disease 


THE GRAPEVINE DIEBACK DISEASES, ALSO CALLED GRAPEVINE TRUNK 
diseases, are the consequences of a complex of fungi that was described 
as early as the end of the 20th century. They attack the perennial organs 
of a vine and ultimately lead to the death of the plant. Over the past 
decade, the frequency of symptoms due to these fungi has considerably 
increased worldwide. For example, cumulated disease incidence values 
estimated for Italian vineyards may reach up to 50% (/). The lack of 
resources to fight the diseases and favorable environmental conditions 
worsen the situation. Sodium arsenic is the only treatment that has a 
potential effect against dieback diseases, but it has been prohibited in 
some countries. Some vineyards that have never been treated with 
sodium arsenic now present an exponential development of symptoms. 


ie a 
PERSPECTIVES 


Vines at risk. Symptoms 
of grapevine trunk disease. 


Why are these symptoms emerging today? Are they due to changes in 
the vine behavior, in the climate, or in the microbial equilibrium, or are 
they due to undiagnosed pathogens? Despite all the studies on the fungi 
associated with the disease, on the host-pathogen interactions, and on 
the symptoms, the actual causes for their development are still elusive. 
CHRISTOPHE BERTSCH,?* PHILIPPE LARIGNON,? SIBYLLE FARINE,* 
CHRISTOPHE CLEMENT,? FLORENCE FONTAINE? 
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Eutrophication: More 
Nitrogen Data Needed 


WE AGREE WITH D. J. CONLEY ET AL. (“CON- 
trolling eutrophication: Nitrogen and phospho- 
tus,’ Policy Forum, 20 February, p. 1014) that 
there are many compelling reasons for control- 
ling agricultural and industrial sources of nitro- 
gen. In many areas, nitrate and ammonium are 
now the main pollutants causing damage by 
acidification and base cation depletion in 
forests and freshwaters (/). In some areas, 
nitrate concentrations in drinking water have 
increased enough to exceed health standards 
(2). However, at this time, we cannot agree that 
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reducing nitrogen is essential for controlling 
eutrophication, because there are insufficient 
whole ecosystem-scale data to show that re- 
moving nitrogen will reduce eutrophication. 

Phosphorus control alone has succeeded 
in reducing eutrophication in many lakes 
[reviewed by (3)] and in at least one low- 
salinity estuary (4). In contrast, not a single 
ecosystem-scale study in any aquatic system 
has shown that reducing inputs of nitrogen 
decreases eutrophication. 

The authors state that reducing phosphorus 
inputs has not reduced eutrophication in some 
lakes and many estuaries. In most cases, the 
reason is high “internal loading” of phosphorus 
from anoxic sediments. High concentrations 
of phosphorus and anoxia in surface sediments 
are the result of decades of high phosphorus 
loading causing increased settling and decom- 
position of organic matter. However, long- 
term studies of lakes in Europe (5, 6) have 
shown that internal loading decreases slowly 
after external sources of phosphorus are con- 
trolled, so that ecosystems recover over a 
period of years to decades. 

Many of the arguments put forward by 
Conley ef al. are based on physiological or 
short-term indices of nitrogen limitation, 


which we have found to be spurious in our 
long-term, whole-lake manipulations. Simply 
put, over time algal and bacterial communities 
change to include species that fix nitrogen 
when fixed nitrogen limits the growth of other 
species. Small but long-term inputs of nitrogen 
through fixation and subsequent return from 
sediments eventually correct nitrogen deficits 
in ecosystems (7, 8). The importance of these 
long-term, adaptive processes cannot be evalu- 
ated by short-term incubations or dissolved 
nutrient concentration ratios (9). 

Conley et al. state that the nitrogen-fixing 
cyanobacteria that are capable of correcting 
ecosystem-scale nitrogen deficiencies in lakes 
are absent in saline estuaries. However, recent 
measurements of N,/Ar ratios indicate that 
there is considerable N fixation by bacteria and 
phytobenthos in shallow, saline estuaries (10, 
11). Rates of fixation are similar to those that 
we have observed in lakes (8), and we antici- 
pate similar results in overcoming N deficien- 
cies. In fact, in whole systems, N removal 
accomplished at great expense in wastewater 
treatment may be offset by N fixation in natu- 
ral open systems (8). 

Globally, reducing inputs of nitrogen from 
sewage as well as phosphorus would require 
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spending many billions of dollars. The costs of 
removing both nutrients may even discourage 
any treatment in developing countries, particu- 
larly in the current economic depression. We 
believe that before the additional expense of 
nitrogen removal from sewage is to be imposed 
on society, it should first be demonstrated at 
ecosystem scales to effectively reduce eutroph- 
ication. D. W. SCHINDLER** AND R. E. HECKY2 


1Department of Biological Sciences, University of Alberta, 
Edmonton, AB T6G 2E9, Canada. *Department of Biology, 
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Eutrophication: 
Focus on Phosphorus 


THE POLICY FORUM BY D. J. CONLEY ETAL. 
(“Controlling eutrophication: Nitrogen and 
phosphorus,” 20 February, p. 1014) advocates 
expensive and unnecessary nitrogen (N) con- 
trol in lakes. 

Many demonstrations of successful phos- 
phorus (P)-only control in lakes are found in 
the literature (/). In the 1970s, P control was 
implemented in the Laurentian Great Lakes, an 
important North American freshwater source 
(2). Total P (TP) in Lake Ontario decreased to 
half the maximum in response to P manage- 
ment and by half again after zebra mussel inva- 
sion, reducing phytoplankton standing crop 
and shoreline nuisance blooms of Cladophora. 
The lower phytoplankton N demand alleviated 
nitrate shortages. Thus, Lake Ontario was a 
real-time experiment to validate P control as a 
means to manage eutrophication. 


I take exception to Conley et al.’s prediction 
that P-only reduction strategies will fail in 
Lake Apopka. Sediments deposited since 1947 
provide the basis for estimating whole-lake 
historic TP sedimentation (3). The sediment 
inventory shows average annual deposition of 
0.367 g TP m? year! (1947 to 1996). Some 
TP, however, was in a form that is not readily 
recycled (4, 5). External loading averaged 0.55 
g TP m” year"! in the 1990s when water- 
column TP was 0.320 g TP m~ (6). The large 
TP sediment sink and short TP residence time 
in the water column indicate that sediment 
recycling is low (6). Therefore, strategies that 
control external P loading will control eutro- 
phication over time. CLAIRE L. SCHELSKE 
Department of Geological Sciences, Land Use and 
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Eutrophication: 
Model Before Acting 


IN A RECENT POLICY FORUM (“CONTROLLING 
eutrophication: Nitrogen and phosphorus,” 
20 February, p. 1014), D. J. Conley ef al. 
made a controversial case for a dual nutrient- 
reduction strategy to address eutrophication 
in lakes, estuaries, and coastal areas. 

We believe that all asserted beneficial 
effects must be robustly predictable to ensure 
that society actually gets something in return 
for this effort, given the high cost of nutrient 
reductions. For instance, Swedish nitrogen 
(N) reductions in a very ambitious abatement 
plan for the Baltic Sea may not be possible to 
fulfill unless a large part of Swedish agricul- 
ture is permanently shut down, according to 
recent calculations by the Swedish Depart- 
ment of Agriculture (/). 

Unfortunately, there are no general, vali- 
dated mass-balance models for nitrogen that 
have been tested for independent coastal sys- 
tems and been demonstrated to yield good pre- 
dictive power. Any N model can be tuned, using 
different calibration constant sets for different 


systems, to give perfect descriptive power. 
However, such tuning may obscure the true 
aspects of a natural system (2). In addition, the 
effects of N abatement on many coastal areas 
have been quite disappointing (3). 

There is one general dynamic phosphorus 
(P) model (thus far) that has yielded good pre- 
dictions of phosphorus and chlorophyll in all 
Baltic Sea basins without basin-specific tun- 
ing and without taking N concentrations into 
account. The abatement strategy for the Baltic 
Sea should therefore focus on cost-effective P 
reductions, such as urban sewage treatment 
(2). Strategies designed for other estuaries, 
coastal areas, and lakes should also be based 
on methods with documented cross-systems 
predictive power. ANDREAS C. BRYHN* AND 
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Eutrophication: Time to 
Adjust Expectations 


D. J. CONLEY ET AL. (“CONTROLLING EUTRO- 
phication: Nitrogen and phosphorus,” Policy 
Forum, 20 February, p. 1014) advocate a shift 
in strategies to control eutrophication of 
aquatic systems. We agree that the best hope 
for success rests with strategies couched in a 
systems perspective and founded on an under- 
standing of interactions among biogeochemi- 
cal cycles. 

Current efforts to control eutrophication 
focus on repairing past damage, with systems 
expected to return to a desired state after obvi- 
ous stressors are reduced. One approach is to 
restrict nutrient inputs to waterbodies that are 
declared impaired by limiting total maximum 
daily loads. Although costly, managing anthro- 
pogenic loads of macronutrients represents an 
essential, sensible, and feasible strategy for 
controlling eutrophication and reversing its 
effects. Increased loads of nutrients drive, 
support, or enable eutrophication. 

Reducing loads of macronutrients, includ- 
ing simultaneous reductions for nitrogen and 
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phosphorus, may not yield desired responses. 
Beyond lags due to “legacy loads,” systems 
may not return to undamaged states along 
desired trajectories if they have entered alter- 
native stable states or baseline conditions have 
shifted (/—3). For example, ocean acidifica- 
tion may prevent corals from regaining ascen- 
dancy on reefs, and impacts from overfishing 
may cascade through trophic webs to create 
stable but undesirable assemblages of con- 
sumers and producers. In such cases, revers- 
ing eutrophication may require restoration of 
habitats, repair of trophic webs, or relatively 
drastic projects that remove accumulated 
effects and thus shift systems toward previous 
states. In some cases, our best efforts may not 
produce systems that are structurally identical 
to a previous, desired state, so we will have to 
settle for restoring dynamic functions that 
consistently yield desired services (/, 2). 
Sustainable control of eutrophication in 
aquatic systems requires all stakeholders to 
acknowledge our inability to predict the 
exact trajectory followed by any particular 
ecosystem in response to management inter- 
ventions, including reduced loads of nitro- 
gen and phosphorus. Stakeholders can foster 


success by embracing an adaptive approach 
supported by monitoring that evaluates 
alternative actions and endpoints, promotes 
continual learning, and fosters progressive 
improvement (4). 
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Response 
WE ARE GRATIFIED THAT OUR POLICY FORUM 
has stimulated numerous responses on effec- 
tive strategies for controlling phosphorus (P) 
and nitrogen (N) to reduce eutrophication in 
freshwater and coastal marine ecosystems. 
Rigid application of P control—the only 
paradigm proffered by Schindler and Hecky— 
has been increasingly called into question 


even for lakes (/, 2) and was rejected long ago 
for estuarine and coastal waters for the rea- 
sons discussed in our Policy Forum. The par- 
adigm depends on sufficient N, fixation by 
cyanobacteria to meet the demands of algal 
growth that could be supported by the avail- 
able P. While this is not always reached even 
in lakes (/, 2), quantitatively significant N, 
fixation simply does not occur in the water 
columns of coastal ecosystems except, as we 
pointed out, under low-salinity conditions 
found in the more freshwater portions of estu- 
aries and the Baltic Sea. The evidence cited 
by Schindler and Hecky for estuaries is for 
N, fixation in bottom sediments, which is 
seldom important in the N economy of estu- 
arine ecosystems. 

Although demonstration at the whole- 
ecosystem scale advocated by Schindler and 
Hecky is powerful, it is not usually possible to 
intentionally make whole-ecosystem experi- 
ments in marine systems. Nonetheless, there 
is substantial evidence of N limitation in 
coastal marine ecosystems at the whole- 
ecosystem and large-mesocosm scale (3). In 
fact, the example by Schindler and Hecky of P 
control alone succeeding in reducing eutroph- 
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ication in a low-salinity estuary, the Stock- 
holm Archipelago, is only half of the story. 
Phytoplankton chlorophyll levels further 
declined after the waste treatment facilities 
substantially removed N (4). 

Schelske’s basic points are similar to those 
of Schindler and Hecky, namely, that N, fixa- 
tion can alleviate N shortages for phytoplank- 
ton and that there have been many demonstra- 
tions of successful P-only control in lakes, 
such as in some of the Laurentian Great 
Lakes. Unfortunately, such P-only control has 
not been universally effective. In fact, the very 
reference Schelske provides to support the 
success of P-only control noted that it is 
important to consider not only P but also N 
loading (5). Shallow hyper-eutrophic lakes 
such as Lake Apopka frequently have blooms 
of cyanobacteria that do not fix N, and have 
not responded to P-load reduction, probably 
because of the large internal recycling of P 
from sediments. Schelske’s calculations con- 
sider only external P loading and ignore P 
remobilization from sediments. 

We agree with Bryhn and Hakanson that P 
reductions are required for improvements to 
be observed in the Baltic Sea; however, we 


differ in the need for N reductions. Their 
model is only for P because they believe that it 
is not possible to construct adequate models 
for nitrogen mass-balances, despite the fact 
that N models are common. Their model para- 
meterization for P cycling is unusual—the 
boundary conditions are very different from 
other models used in the Baltic Sea, and their 
conclusions differ substantially as well (6-8), 
bringing into question their validity. 

Jacoby and Frazer agree with us that both P 
and N controls should be considered, but 
stress that this might not yield desired re- 
sponses because the damaged ecosystems 
may have shifted to alternative stable states. 
This issue fell beyond the scope of our short 
Policy Forum, but we have addressed it else- 
where (9). We certainly agree that this makes 
the exact recovery trajectory somewhat unpre- 
dictable and requires an adaptive approach, 
the first step of which is aggressive control of 
nutrient loads based on a rational and context- 
specific two-nutrient strategy. 
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Human Inhumanity 


Prashanth Ak 


s Amnesty International’s annual 
A reports testify, the historical connec- 

tion of cruelty to the exercise of polit- 
ical power persists. Despite its ubiquity and 
unparalleled contribution to human and ani- 
mal misery, cruelty has not received the schol- 
arly attention it deserves (/). One reason for 
this state of affairs is the difficulty of defin- 
ing cruelty in an objective sense, easy 
though it is to spot. Like pornography, one 
more or less knows it when one sees it. But 
letting the beholder subjectively decide what 
counts as cruel is quite unsatisfactory— 
Bertrand Russell found himself “incapable 
of believing that all that is wrong with wan- 
ton cruelty is that I don’t like it” (2). 

In Cruelty, Kathleen Taylor aims to exam- 
ine the topic comprehensively. She purports to 
address weighty questions, with chapter titles 
such as “What is cruelty?” “Why does cruelty 
exist?” “Why are we callous?” “Can we stop 
being cruel?” 

Taylor formulates cruelty as “unjustified 
behaviour which intentionally causes unde- 
served suffering.” She sets the demand for pre- 
cision aside for a “more-or-less” conception, 
commenting in an endnote that “[f]uzzy blobs 
rather than tidy packets is certainly what our 
understanding of neuroscience, with its em- 
phasis on probability, suggests we should 
expect.” Unfortunately, this confusing start is 
not an anomaly, and the chapters (except for 
that on sadism) don’t offer particularly insight- 
ful or comprehensive explorations of their tit- 
ular questions. 

The author attempts to parse cruelty into 
components (beliefs, emotions, and actions) 
and mechanisms such as threat responses and 
“otherization” (her term for people’s spiraling 
hostility toward the “inferior outgroup”). 
Taylor considers these aspects using neuro- 
science and psychology. However, the neuro- 
science she presents is only vaguely relevant 
and not detailed enough to provide a scientific 
grip on cruelty’s various manifestations; rather, 
it remains at a popular science level. Also con- 
tributing to a sense of cursory treatment are a 
few too many parenthetical asides and a breezy 
journalistic tone (e.g., “To get a deeper view of 
cruelty, therefore, means plunging our atten- 
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tion into a sea of neurons, the soggy, fatty mass 
from which cruelty is born’). 

Addressing cruelty from multiple per- 
spectives, including moral and evolutionary 
ones, the book does accord a complex subject 
its due. A good, quick read, it successfully 
outlines the topic. But given the book’s ambi- 
tious scope and extensive references—rang- 
ing from Aeschylus to Zimbardo (of 
“Stanford prison experiment” fame)—a more 
serious treatment would have provided a valu- 
able multidisciplinary reference for scholars 
addressing cruelty from a 
range of fields. A few exam- 
ples notwithstanding, a body 
of empirical work on cruelty 
doesn’t currently exist. A more 
comprehensive account could 
have contributed usefully to 
setting a research agenda. 

Nonetheless, simply by its 
existence, the book should help 
raise cruelty as a topic worthy 
of serious research interest. It should be possi- 
ble to begin scientific examination of at least 
some types of cruelty in terms of their under- 
lying mechanisms. For example, certain 
facets of cruelty share features with addictive 
behavior. The wide range of dopamine-driven 
behaviors related to addiction means these 
could include cruel actions. From such gen- 
eral facts, we can speculate on possible neural 
bases of why and how particular forms of cru- 
elty are triggered or how they fulfill their per- 
petrators, and these hypotheses could serve as 
starting points for neuroscience research. 

As with other complex human behaviors, 
the composite meanings and varying cultural, 
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sociological, and moral values layered on cru- 
elty make it likely that empirical findings 
regarding the mechanisms will only be part of 
the story. Even so, such findings will con- 
tribute knowledge that could help societies 
and individuals deal with cruelty. Then, how- 
ever, a sobering lot would depend on how that 
knowledge might be used or who will apply 
that knowledge to control whom. 

Before delving into the neuroscientific 
basis of cruelty (or anything else, for that mat- 
ter) and its mechanisms, one wants to have a 
clear, rigorous intellectual framework that will 
allow the formulation of precise, experimen- 
tally tractable questions. No such framework 
currently exists for cruelty. As political scien- 
tist Judith Shklar pointed out in her classic 
essay “Putting Cruelty First” (3), philosophers 
have generally avoided the topic—as, surpris- 
ingly, have political theorists. In general, aca- 
demic (especially American) discourse, which 
holds dear enlightenment notions of an inex- 
orable march to perfection, has not focused on 
the darker recesses of the human condition, 
other than to treat them as (regrettable) anom- 
alies. The typical approach has been to pathol- 
ogize problematic behaviors, removing them 
from the ambit of normalcy. Surprisingly few 
citations to cruelty occur in scholarly litera- 
ture; many that do are with reference to 
sadism. In older anthropology literature, cru- 
elty was often discussed in connection with 
“savages,” who were supposed to possess an 
abundance of it. 

Outside the academy, cruelty 
continues to exert its powerful 
hold on popular and intellectual 
imagination, as glances at con- 
temporary fiction, film, video 
games, and the Web will attest. 
In premodern societies, public 
occasions or festivals routinely 
included displays of torture, an 
execution or two, or other specta- 
cles of cruelty—one of the oldest 
festive joys of mankind, as Nietzsche labeled 
it. Today, “cruelty-free” has entered our ver- 
nacular, if only in reference to consumer 
products. Hopefully, Cruelty, with Taylor’s 
timely highlighting of the topic, will encour- 
age fresh thought on an issue that continues 
to be central to human existence. 
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A History Lesson for Stem Cells 


James M. Wilson 


hen President Barack Obama signed 
\ X / an Executive Order on 9 March 
2009 rolling back the previous 
administration’s restrictions on federal fund- 
ing of human embryonic stem cell (hESC) 
research, he took pains to temper Americans’ 
hopes for quick fixes. “At this moment, 
the full promise of stem cell 
research remains unknown 


; 2500 
and it should not be over- S 


stated,’ the president said. “I “yn 2000 
. ci 
cannot guarantee that we will 5 
: -= 1500 
find the treatments and cures = 
we seek” (/). Unfortunately, = 1000 
some stakeholders in hESC re- a 
. Pe =) 
search have failed to exhibit a 500 


the same restraint, effectively 
promising cures for Parkinson’s 


disease, Alzheimer’s disease, ae 
spinal cord injuries, diabetes, Year 
cancer, heart disease, multiple > 150 
sclerosis, muscular dystrophy, = 
macular degeneration, and hear- = ae 
ing loss, to name a few. = 

Studies of hESCs and their = 
non—embryo-derived counter- SS ees0 
parts, induced pluripotent stem He | 
(iPS) cells, will likely deepen i) | | 
our understanding of cell dif- 0 -5- I 
ferentiation, human develop- 1980 1985 1990 1995 2000 2005 
ment, and birth defects. Hope- Year 


fully they will also lead to 
novel therapeutics for some dis- 
eases, and I applaud President 
Obama for giving scientists 
longer leashes as they explore 
this exciting field. But in 
today’s clamor of stem cell 
enthusiasm it is possible to 
detect haunting echoes of the 
early and ultimately troubled 
days of gene therapy. 

The field of gene therapy began with lab- 
oratory studies in the mid- to late-1980s and 
grew linearly during the 1990s (see figure, 
right). Very early in this evolution, clinical 
trials were initiated, and their number and 
overall patient recruitment figures grew in 
step with the science. During that period, 
gene therapy was touted as a potential cure 
for a huge array of ailments. By 2000, 
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researchers had launched more than 400 
clinical trials, testing the approach against 
a wide spectrum of illnesses. Yet the Food 
and Drug Administration concluded in a 
September 2000 review, “the hyperbole has 
exceeded the results” and “little has 
worked” (2). Although the field has im- 


@ Gene therapy 
@ Stem cell research 


1985 1990 1995 2000 
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Factors that led to the decline of gene therapy 
at the turn of the century should be considered 
by the stem cell community to avoid a similar 
outcome. 


the social and economic forces that drove 
gene therapy’s burst of clinical activity also 
exist today in the stem cell arena. Without 
passing judgment on the scientific merits of 
any individual clinical study or plan, Iam con- 
cerned that expectations for the timeline and 
scope of clinical utility of hESCs have out- 
paced the field’s actual state of 
development and threaten to 
undermine its success. 

The hyperaccelerated trans- 
lation to the clinic that oc- 
curred in the field of gene ther- 
apy in the 1990s was driven by 
multiple factors, including: (i) 
a straightforward, if ultimately 
simplistic, theoretical model 
indicating that the approach 
“ought to” work; (ii) a large 
population of patients with dis- 
abling or lethal diseases and 
their affiliated foundations 
harboring fervent hopes that 
this novel therapy could help 
them; (iii) unbridled enthusi- 
asm of some scientists in 
the field, fueled by uncritical 
media coverage; and (iv) com- 


[ <— 


Publications and clinical trials (1980-2009) related to gene therapy and hESCs. 
(Top) Publication data were retrieved from ISI Web of Knowledge (www. 
isiknowledge.com). Gene therapy publications include English language articles or 
reviews retrieved by using the search terms “gene therapy.” ESC publications include 
English language articles or reviews found by using the search terms “embryonic stem 
cell,” “ES cells,” or “ESC.” (Bottom) Gene therapy clinical trial data was extracted from 
Gene Therapy Clinical Trials Worldwide (15). ESC clinical trial projected start date taken 
from (16). Data for 2009 are incomplete. Arrows indicate the point when clinical trials 
started for gene therapy and are projected to begin for hESC. 


proved since then, with notable successes 
against inherited blindness (3—5) and im- 
mune deficiency (6), those successes are 
shadowed by several tragic adverse events, 
including treatment-induced cancers in some 
volunteers (7) and, in 1999, the death of an 
18-year-old, Jesse Gelsinger, in a gene ther- 
apy clinical trial that I led (8). Gelsinger’s 
death initiated a chain of events that seri- 
ously derailed the field. 

It would be unfortunate if the field of 
hESC research missed this lesson from his- 
tory and took a similar trajectory. Yet many of 


mercial development by the 
biotechnology industry during 
an era in which value and 
liquidity could be achieved 
almost entirely on promise, 
irrespective of actual results. 
In response to growing 
concerns that the field was 
getting ahead of itself, Harold 
Varmus, then director of the 
National Institutes of Health 
(NIH), convened a panel in 
1995 chaired by Stuart Orkin 
and Arno Motulsky to “assess the NIH 
investment in research on gene therapy” (9). 
Prime among the committee’s conclusions 
was that scientists’ basic understandings of 
gene-transfer vectors and host-vector inter- 
actions were inadequate to support success- 
ful clinical development of the field and that 
stakeholders had oversold their results. 
Indeed, the panel concluded that “only a 
minority” of clinical studies had been de- 
signed in ways likely to yield “useful basic 
information.” The report recommended that 
researchers get back to basics and develop a 
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more robust understanding of gene transfer 
in animals. 

The researchers continued to pursue 
clinical trials aggressively. And the hype 
continued until the turn of the century when 
a confluence of events—the tragic and 
widely publicized death of Jesse Gelsinger, 
questions regarding regulatory oversight of 
gene therapy, bursting of the overall biotech 
bubble, and stakeholder impatience due to 
unmet expectations—led to a precipitous 
decline in financial and public support. 

The central concern of the Orkin- 
Motulsky panel, a lack of scientific under- 
standing about vectors and vector-host inter- 
actions, proved to be on the mark. Virtually 
every major unexpected toxicity encoun- 
tered in gene therapy clinical trials can be 
attributed to complex interactions between 
vector and host that were not predicted by, or 
understood at the time of, preclinical stud- 
ies. Learning from these travails, the gene 
therapy community eventually adopted a 
more sober approach to clinical trials and 
bolstered its commitment to basic vector 
biology and disease pathogenesis. 

Many of the factors that fueled gene ther- 
apy’s premature expansion are major drivers 
of the hESC and iPS research agenda today. 
A large and vocal population of patients suf- 
fering from a wide variety of ailments is 
pressing for stem cell—based therapies. 
Disease-specific stem cell research groups 
are more politically sophisticated than ever, 
in some cases employing congressional lob- 
byists. Unrealistic expectations have been 
fueled by relentless media coverage, driven 
in part by a factor not present in the gene 
therapy roll-out: a debate over the ethics of 
research on human embryos and embryo 
cells, which has served as a “news hook” 
that brings media attention to even the most 
incremental of advances. 

It is difficult to avoid getting caught up in 
the unabashed enthusiasm that attends the 
emergence of a novel, but untested, therapeutic 
technology platform, as I myself experi- 
enced. Still, January’s media coverage of the 
first U.S. Food and Drug Administration 
(FDA) approval of a hESC-related clinical 
trial—an experiment sponsored by Geron 
Corporation of Menlo Park, California, 
aimed at spinal cord injuries—was surprising 
for its lack of restraint. News reports charac- 
terized Geron’s mere gaining of federal per- 
mission to test the cells in patients as a 
“breakthrough” (/0). And in a highly ques- 
tionable move, Good Morning America 
accompanied its news report with faux video 
footage depicting the paralyzed actor 
Christopher Reeve getting out of his wheel 


chair and walking again (/0). 

Proponents of clinical trials can argue 
that by some measures, at least, the stem cell 
field is further along than gene therapy was 
when clinical studies began in 1990. More 
papers have been published on the basic 
biology of hESCs than were published on 
gene therapy before that field’s first clinical 
trials (see figure on page 727). Furthermore, 
we have witnessed during the last 2 years a 
multitude of discoveries in the basic cell 
biology of stem cells. 

Despite advances, our understanding of 
the biology of hESCs and iPS cells remains 
thin with regard to clinical safety and utility. 
Controlled incorporation of transplanted stem 
cells into host tissues and organs remains a 
major challenge. Questions about engraft- 
ment, rejection, and toxicity abound. Steps 
involved in transformation of hESCs, iPS 
cells, or their derivatives into tumor cells (and 
strategies to ablate any tumors that might 
arise) need further investigation. In February, 
researchers in Israel reported that a 13-year- 
old boy with ataxia telangiectasia who had 
received injections of human fetal neural stem 
cells into his brain as part of an experimental 
treatment performed in a Russian clinic devel- 
oped brain tumors apparently derived from 
the injected stem cells (//). 

The purpose of raising these issues is not 
to undermine policy changes now under way 
at the National Institutes of Health that aim 
to increase support for basic stem cell stud- 
ies. Such basic studies are exactly the kind 
that must be done if embryonic or iPS cells 
are to move responsibly into the clinical 
arena. The key question is how can stem cell 
therapeutics avoid the pitfalls encountered 
in clinical gene therapy research? 

Excellent preclinical regulatory review is 
key, of course, and, for example, Geron’s cells 
are different from those used in the Russian 
study and have withstood rigorous FDA 
analysis. Professional societies, such as the 
recently established International Society for 
Stem Cell Research (ISSCR), can also play 
an important role in steering this young disci- 
pline in the right direction. Leadership of the 
society must steadfastly discourage over- 
selling the clinical reality of stem cell thera- 
peutics (J2) and must effectively communi- 
cate how long it takes to go from laboratory 
bench to bedside. To get ahead of the impend- 
ing avalanche of clinical trial proposals using 
hESC- and iPS-derived cells, the society has 
promulgated thoughtful and comprehensive 
guidelines for clinical translation (/3). 
However, adherence to these guidelines is 
voluntary because the society does not have 
regulatory authority. 


A high degree of transparency is also 
necessary to secure the public’s trust and 
support. This was accomplished in gene 
therapy through the Recombinant DNA 
Advisory Committee (RAC) of the NIH, to 
which adverse events had to be reported and 
whose deliberations, though nonbinding, 
were open to the public. After the reports of 
Jesse Gelsinger’s death, gene therapy’s 
public image suffered further when news 
stories revealed that a number of researchers 
had failed to report adverse events to the 
RAC as required. The NIH should consider 
the potential value of a RAC-like board for 
the early generations of stem cell-related 
clinical trials (/4)—not to add an extra layer 
of pre-clinical review to that already done 
by FDA, but to oversee a public registry 
of clinical trials and to serve as an open 
forum for addressing novel trial-related 
issues. The board should also consider 
whether some of the ISSCR’s recommenda- 
tions on clinical trials should be codified in 
NIH guidelines. 

It is gratifying that through its current 
crafting of new funding guidelines and the 
launching of new initiatives (/7), the NIH is 
making basic stem cell research a high prior- 
ity. But, I encourage hESC and iPS re- 
searchers to remember the Orkin-Motulsky 
report’s central theme: that no one is served 
by bypassing the hard work of basic research 
and experiments in animal models. 
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PLANETARY SCIENCE 


The Origin of Plasmaspheric Hiss 


Ondrej Santolik'? and Jaroslav Chum! 


he role of electromagnetic 
waves in shaping the space 
environment around our 
planet has been studied since the 
early 1960s (J, 2). Initial analysis 
of these waves at audible fre- 
quencies consisted of playing 
the recorded data through a loud- 
speaker. The historical terminology 
in this field thus resembles an 
experimental musical score where 
we can encounter whistlers, noise, 
hiss, and chorus. On page 775 of 
this issue, Bortnik ef al. (3) invite us 
to this world of “space sound.” On 
the basis of measurements by 
NASA’s THEMIS (Time History 
of Events and Macroscale Inter- 
actions during Substorms) space- 
craft mission, the authors describe 
two types of natural electromag- 
netic waves: chorus and plasma- 
spheric hiss. They show that plasma- 
spheric hiss can be interpreted as 
arising from transformed chorus 
waves, thus providing important 
clues as to its origin. 

Both chorus and plasmaspheric 
hiss are attracting attention as key ingredients 
in modeling the Van Allen radiation belts— 
regions that contain high-energy particles 
trapped in Earth’s magnetic field (4). The Van 
Allen belts partially overlap with the plasma- 
sphere where co-rotating low-energy plasma 
is confined (see the figure). This medium cre- 
ates a bubble of higher refractive index for 
electromagnetic waves at audible frequen- 
cies. These waves are believed to release 
energetic electrons in the Van Allen belts 
from the magnetic trap down to Earth’s 
atmosphere (5, 6). As a result, a slot region is 
created in the area where this interaction 
takes place, between the inner and outer elec- 
tron Van Allen radiation belts. 

The origin of plasmaspheric hiss has been 
a puzzle for a long time, with three basic 
hypotheses having been put forward. The first 
proposes that hiss is spontaneously amplified 
from preexisting weak waves, arising thus 
from free energy of unstable electron popula- 
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PERSPECTIVE 


Observations by the THEMIS spacecraft are 
providing a better picture of the electromagnetic 
environment surrounding Earth. 


Surrounded by “space sound.” Van Allen radiation 
belts (yellow) are trapped in Earth’s magnetic field. They 
partially overlap with the plasmasphere (blue) that con- 
tains electromagnetic waves. These waves create a slot 
region between the inner and outer electron Van Allen 
belts. Bortnik et al. (3) show observations supporting the 
idea that plasmaspheric hiss waves originate as trans- 


tions. However, waves cannot grow to the 
observed intensities from weak background 
turbulence under typical conditions—this 
mechanism requires an unknown “embry- 
onic” source of sufficiently intense waves to 
initiate the growth (7). The second mechanism 
consists of an accumulation of whistlers (8), 
waves coming from lightning discharges in 
the atmosphere (9). This hypothesis has 
recently been favored by a statistical study 
(10), but the results and data interpretation 
have led to a lively discussion (//). 

The third proposed mechanism (/2, /3) 
explains plasmaspheric hiss as coming 
from the inward propagation of chorus into 
the plasmasphere from an outside source 
located close to the geomagnetic equatorial 
plane. The problem here is that chorus can 
sound very different from hiss, being com- 
posed of short chirplike tones lasting for a 
fraction of a second and resembling a 
sound “ofa rookery heard from a distance” 
(9). However, these tones can superpose 
and merge during their propagation and 
transform themselves into hiss (see sup- 
porting online material). 


formed chorus waves that propagate inward (red). 


Bortnik et al. use measurements of two 
THEMIS satellites, fortuitously located at two 
different positions—one outside the plasma- 
sphere and the other inside. They show a good 
correlation of enhancements of average cho- 
rus intensity with enhancements of plasma- 
spheric hiss at time scales from several sec- 
onds to tens of seconds. The correlation is 
maximum at a time delay that corresponds to 
the expected propagation time. This is excit- 
ing evidence in favor of the inward propaga- 
tion of chorus scenario. In fact, chorus appears 
ina double role in this story. First, intense cho- 
rus is considered to act as local accelerator of 
energetic electrons to high energies (/4) in the 
outer Van Allen belt. Then, after it propagates 
inward and transforms itself into plasma- 
spheric hiss, it can act as a destroyer of ener- 
getic electrons in the slot region. 

The story would thus seem to be concluded, 
with no mysteries left. But controversies 
around the origin of plasmaspheric hiss will 
probably not disappear. Technical problems 
remain to be solved by adding a third dimen- 
sion to the ray-tracing simulation; the simu- 
lated waves also need to propagate azimuthally 
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toward the local evening to explain the obser- 
vations. But the most important source of con- 
troversy could be that Bortnik ef al. analyze a 
single data interval, and although the results 
are convincing in this case, other mechanisms 
may also be operating at different times. An 
open question is what percentage of plasma- 
spheric hiss is generated by each of the differ- 
ent mechanisms. It may well turn out that cho- 
rus is a dominant source, but it will take further 
measurements to determine the relative contri- 
butions of the other “voices” to the cacophony 
of plasmaspheric hiss. 
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ARCHAEOLOGY 


Origins of Agriculture in East Asia 


Martin K. Jones and Xinyi Liu 


ome of the world’s most 

important crops, includ- 

ing rice and soybean, 
originate from eastern Asia. 
This region is also the original 
home of several minor crops, 
such as buckwheat and certain 
types of millet. In their search 
for the earliest farms, archaeol- 
ogists have been drawn to 
China’s two major river valleys: 
the Yellow River in the north 
and the Yangtze River in the 
south. Grains of broomcorn 
and foxtail millet have been 
found in Neolithic farmsteads 
in the Yellow River region 
(J, 2), and sites in the Yangtze 
River region have yielded the 
world’s earliest evidence of har- 
vested rice grains (3). 

These discoveries contri- 
bute to a growing picture of the 
greatest revolution in human 
ecological history: the transition from gather- 
ing foods from the wild to producing them in 
farms. The remains of wheat and barley chart 
a similar story in southwest Asia, as does 
maize in Central America. It is easy to imag- 
ine how momentous this revolutionary transi- 
tion must have been, to envisage the shock- 
waves it dispatched through communities. Yet 
recent research is changing our understand- 
ing of the geography and timing of the transi- 
tion. It may have started out so gradually that 
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Domesticated Wild 


Base of spikelet 


Toward rice domestication. (A) In wild rice (right), the grain head breaks up as 
soon as the grains within it are fully formed, whereas in domesticated rice (left), 
grains enclosed in their husks remain attached to the stem. In the latter case, 
detachment and propagation depend fully on the farmer. (B) The natural point of 
breakage in the grain head is at the base of the spikelet (the dispersal unit of grains 
enclosed in their husks). The shape of the spikelet base provides direct morpholog- 
ical evidence for domestication. (C) This rice spikelet base from the Neolithic site of 
Tianluoshan in the Lower Yangtze River Valley is of the domesticated type. 


individuals immersed in it may have hardly 
noticed the change. 

Improvements in methods for recovering 
archaeological plant remains have pushed the 
earliest records for a number of crops back in 
time (2, 4). Charred rice remains have been 
found embedded in 10,000-year-old pottery 
from the Lower Yangtze River region (5). Even 
older are phytoliths (microscopic fragments of 
intracellular silica) of rice recovered from 
caves in the Middle Yangtze River region, for 
example, at Diaotonghuan in levels dated to 
12,000 years ago (3). However, the morpho- 
logical traits associated with domesticated rice 
did not become fixed for another five millen- 


During the initial phase of cereal cultivation 
in East Asia, domesticated traits emerged 
only slowly. 


nia (6). (Fixation refers to a genetic 
trait that has replaced all others 
across a population.) 

Evidence for the timing of fixa- 
tion comes from archaeological frag- 
ments of the stem and chaff that sur- 
rounded the grain (see the first fig- 
ure). These features provide direct 
morphological evidence for the 
genetic changes associated with 
domestication—in particular, the 
change from a form that freely dis- 
perses in the wild to one whose 
reproduction depends on the farmer. 

In the case of rice, this transfor- 
mation can be effected by a substitu- 
tion in a single transcription factor 
(7, 8). In terms of genetic change, 
this is a very small step. Yet archaeo- 
logical rice chaff recovered from the 
Lower Yangtze indicates that fixation 
of the resulting trait in rice popula- 
tions was slow (6). Many generations 
of early farmers were cultivating 
plots of land by preparing soil and removing 
weeds long before most plants harvested from 
those plots showed the morphological traits of 
domestication. The proportions of harvested 
plants with or without the domesticated stem 
trait changed by just a few percent in each 
human lifetime. What was happening in the 
rice fields during that long period of pre- 
domestication cultivation? 

Between 9000 and 4500 years ago, in the 
heartlands of its domestication, rice appears to 
have been harvested but was not the only plant 
food; people were also gathering fruits, nuts, 
and acorns (6, 9). Genetic evidence suggests 
that the rice they exploited was interbreeding 
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Millet then and now. Foxtail millet is still harvested near Xinglonggou, 
Inner Mongolia, the location of some of the earliest Neolithic records of 


foxtail and broomcorn millet. 


with wild stands: The comparative levels of 
diversity in the domesticated and wild forms 
today can best be explained by a substantial 
exchange of genes (/0). Crops from the other 
major old world center, the West Asian 
“Fertile Crescent,” show a similar very grad- 
ual shift in the fragmentation patterns of the 
grain-bearing stem (//). In both regions, the 
weed species in the early assemblages are 
indicative of soil preparation (6, 9, /2). 

Rather than a revolutionary shift from 
hunter-gatherers to farmers in a few human 
generations, the evidence now suggests that 
many generations of “affluent foragers” com- 
bined the gathering of wild fruits and nuts 
with the gathering of cultivated cereals (/3). 
Incremental shifts to a different form of rice 
stem indicate that some rice was sown. 
Beyond that, we have to imagine harvested 
plots that were quite different from modern 
agricultural fields, and in which gene flow 
between plots was freer than it is today (/4). 
The domesticated stem trait may have become 
fixed within the harvested plots only when 
such plots became sufficiently isolated from 
the wild stands. In other words, the fixation of 
the domesticated trait marks not the beginning 
of farming, but an early stage in its geograph- 
ical spread (/5). 

Remains of millet chaff are rare before 
7000 years ago, and it is thus not yet possible 
to chart domestication stem traits through 
time. The archaeological evidence for millet 
is, however, much more informative about 
another aspect of the crop’s history: its long- 
distance spread. One of the earliest sites of 
millet cultivation is near Xinglonggou in Inner 
Mongolia, on a low foothill more than 600 km 
to the north of the Yellow River (2, /6, 17) (see 
the second figure), where 8000-year-old mil- 
let has been recovered. Just 1000 years later, 
broomcorn millet had spread widely, with 
more than 20 published occurrences west of 
the Black Sea (16)—much wider than rice 
around the same time (/). By 4000 to 5000 
years ago, cereals were spreading in the oppo- 
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site direction to millet, 
with finds of the Fertile 
Crescent crops wheat and 
barley in several regions in 
China (78, 19). 

The growing conver- 
gence between archaeo- 
logical and genetic re- 
search has elucidated a 
series of episodes that 
can be followed in East 
Asia, just as they can in 
the more intensively stud- 
ied Fertile Crescent. At 
various stages between 
12,000 and 7000 years ago, key locations 
between the valleys and the foothills were 
chosen to cultivate the soil and optimize the 
seasonal use of water (/7). The plants 
grown in these plots continued to exchange 
genes with wild stands for millennia before 
core morphological traits such as the 
change in stem form were fixed. 

But the story does not end there. In East 
Asian crops, as in crops around the world, the 
change in stem fragmentation that linked the 
fate of these plants intimately with their 
human consumers is only one step in the evo- 
lutionary history of the relation between peo- 
ple and plants. Later steps include major 
changes to structure, ecology, and culinary 
chemistry (20). In the 12,000 years since rice 


PERSPECTIVES 


phytoliths were deposited in Diaotonghuan 
Cave (3), the domestication of plants has 
been a continuing process, made up of 
episodes of both rapid and gradual change. It 
is a process that continues apace today. 
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NEUROSCIENCE 


The Sources of Human Volition 


Patrick Haggard 


Two regions of the brain contribute to the conscious experience of carrying out an action. 


very day we make actions that seem 
E= depend on our “free will” rather 
than on any obvious external stimu- 
lus. This capacity not only differentiates 
humans from other animals, but also gives 
us the clear sense of controlling our bodies 
and lives. It therefore forms a key element of 
our personal identity. However, such volun- 
tary actions are a puzzle for modern neuro- 
science. Where do they come from? A study 
by Desmurget ef al. (1) on page 811 of this 
issue reveals how the brain may produce our 
experience of initiating voluntary action. 
Neuroscientists have long recognized that 


Institute of Cognitive Neuroscience, University College 
London, London WC1N 3AR, UK. E-mail: p.haggard@ 
ucl.ac.uk 


Published by AAAS 


instructions for all voluntary body movements 
pass through the final staging post in the pri- 
mary motor cortex (see the figure). This area 
of the brain receives two important inputs. 
One, from the premotor cortex, is involved 
when animals move in response to visual sig- 
nals (2). But when animals make the same 
movements spontaneously, without any spe- 
cific external trigger, a different area—the 
presupplementary motor area—instead sup- 
plies the major input to the primary motor cor- 
tex (3). The presupplementary motor area is 
also a likely source of “readiness potential,’ a 
buildup of electrical activity in the brain dur- 
ing the period just before voluntary action. 
However, most neuroscientific studies of 
voluntary action in humans face a method- 
ological and a conceptual problem. The for- 
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mer is that voluntary action 
seems to vanish in laboratory 
experiments designed to investi- 
gate it. Volunteers can be asked 
to choose what action to make, 
when to make it, or even 
whether to make it at all (4). 
But these instructions—which 
amount to “Have free will 
now!”—have something un- 
satisfactory, even paradoxical, 
about them. Scientists typically 
investigate systems by deliver- 
ing controlled inputs and meas- 
uring outputs, but in volition, 
the experimenter cannot control 
the input, almost by definition. 
The conceptual problem is con- 
sciousness. Voluntary actions 
appear to start with a kind of 
thought—a “conscious inten- 
tion.” As the philosopher Ludwig 
Wittgenstein asked, “What is 
left over if I subtract the fact 
that my arm goes up from the 
fact that I raise my arm?” (5). 
Conscious intention is one 
partial answer to his question 
(although not one that he him- 
self would have welcomed). But 
how does conscious intention 
relate to the intended move- 
ment? Neurosurgeons some- 
times directly stimulate the 
awake patient’s brain during 
clinical exploration before sur- 
gery. This situation partly re- 
solves both of these problems: 
The neurosurgeon’s electrode 
delivers a precisely known input 
to the motor system; when applied to the pre- 
supplementary motor area, this electrical 
stimulation can produce a distinct conscious 
experience ofan “urge to move” (6). Desmurget 
et al. now report that stimulation of another 
area, the inferior part of the posterior parietal 
cortex, also generates experiences of inten- 
tion. The parietal cortex has traditionally 
been considered a sensorimotor association 
area—linking visual stimuli to appropriate 
responses, for example—and quite distinct 
from the frontal lobe areas responsible for 
voluntary action. 

The study by Desmurget ef al. investi- 
gates the experience that a patient has during 
electrical stimulation of specific brain areas. 
Experimental subjects were patients under- 
going brain surgery; thus, stimulation took 
place with the patient awake but immobi- 
lized in a stereotactic frame, with the pari- 
etal cortex exposed—not an ideal setting for 
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cortex 


Primary 


Presupplementary motor cortex 


motor area 


FRONTAL 
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Frontal: 
Motor urge 


Motor 
preparation 


Voluntary action. (Top) The premotor cortex prepares commands for voluntary actions 
triggered by external stimuli, whereas the presupplementary motor area prepares com- 
mands for internally generated “intentional” actions, which are then executed by the pri- 
mary motor cortex. Signals containing copies of prepared motor commands are also sent to 
the parietal cortex, where they are used to predict sensory consequences of movement. 
(Bottom) The preparation of motor commands for voluntary movement by the presupple- 
mentary motor area causes a sense of urge. The inferior part of the posterior parietal cortex 
generates sensory representations of the predicted consequences of the movement. 


considering the nature of consciousness. 
However, stimulating this part of the brain 
led to experiences of intention that were 
clearly linked to specific body parts 
(patients reported wanting to move their 
arm, lips, or even chest). Moreover, experi- 
ence of intention was a direct result of the 
electrical stimulation, not just of experi- 
menter suggestion: When the neurosurgeon 
did not actually apply any current, patients 
did not report an urge to move. 

The results of Desmurget et al. suggest that 
the parietal cortex, and not just the frontal cor- 
tex, may be involved in the experience of con- 
scious intention. Other studies confirm that 
the parietal cortex contributes to the sense of 
controlling our actions (7), and also to con- 
scious intention before movement. However, 
stimulation at one site may have remote 
effects elsewhere (8). Thus, stimulation of the 
presupplementary motor area could evoke 
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Voluntary 
a movement 


urges indirectly, by remotely 
activating the parietal cortex, 
or vice versa. But if stimula- 
tion at the two sites produces 
qualitatively different effects, 
this would suggest that the two 
areas house distinct compo- 
nents of the experience of vol- 
untary action. 

In fact, there are important 
differences between frontal and 
parietal stimulation. Stimul- 
ation of the presupplementary 
motor area at low current 
caused an experience of urge, 
whereas stronger stimulation 
caused actual movement (6). 
By contrast, Desmurget et al. 
found that parietal stimulation, 
even at high intensities, never 
caused movements, though it 
could produce the illusion that 
a movement had occurred. 
This difference suggests that 
there may be two distinct 
aspects to conscious intention 
(see the figure). One would 
be a conscious correlate of 


Parietal: preparing motor commands in 
Sensory the presupplementary motor 
prediction area. Another would be a sen- 


sory prediction, in the parietal 
cortex, of the consequences of 
those commands. Sensory pre- 
dictions could help to establish 
a sense of authorship over 
one’s own voluntary move- 
ments (9). This view predicts 
that parietal cortex lesions 
should make one’s actions feel 
involuntary, perhaps like delusions of control 
in psychosis (/0). Low-level sensorimotor 
measures, such as the perceived time of inten- 
tion, fit this prediction (//). But when patients 
with parietal lesions explicitly judged whether 
visual feedback reflected their own action or 
another person’s action, they overattributed 
observed actions to themselves, contrary to 
the prediction (/2). It remains unclear why 
stimulation of the parietal cortex causes con- 
scious intention, yet damage to the same areas 
causes an excessive, rather than a reduced, 
sense of control over voluntary movement. 
Could the conscious experience that 
patients call “urge” really be a sensory 
feedback from slight muscle contraction? 
Desmurget ef al. exclude this long-standing 
alternative explanation by demonstrating 
that parietal stimulation does not produce 
any muscle activity (yet patients clearly 
experienced a desire to move). By contrast, 
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stimulation of the premotor cortex produced 
large limb movements, yet the patients never 
reported any sense of urge, nor awareness of 
such movement. Therefore, conscious inten- 
tion—or at least the parietally generated 
aspect of it—seems to be a specific class of 
experience generated within the brain, 
rather than a sensation of slight tension in 
the muscles. Thus, Desmurget et al. confirm 
that the parietal cortex contributes to con- 


scious experience of volition. Just how the 
frontal, motor aspect of this experience dif- 
fers from the parietal, sensory aspect is the 
next question. 
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ECOLOGY 


Some Like It Cold 


Charles H. Greene,* Bruce C. Monger, Louise P. McGarry 


makes up ~70% of the 500,000 tons of 

cold-water shrimp harvested annually 
from the world’s oceans. Commonly captured 
in shelf waters deeper than 100 meters, it sup- 
ports major fisheries throughout the North 
Atlantic. On page 791 of this issue, Koeller 
et al. (1) report that the reproductive cycles of 
most northern shrimp stocks are finely tuned to 
match the timing of egg hatching with that of 
the local spring phytoplankton bloom (see the 
figure). This remarkable degree of 
local adaptation on a basin scale is 
achieved by females regulating the 
initiation date of their temperature- 
dependent egg incubation period 
so that eggs hatch on average 
within a week of the expected 
spring bloom. Thus, in typical 
years, eggs hatch at the time of 
maximum food availability. The 
potential downside of this repro- 
ductive strategy is its sensitivity to 
climate-associated changes in the 
ocean environment. 

A species’ sensitivity to the 
vagaries of climate is often most 
evident at the limits of its distribu- 
tional range. In the Gulf of Maine, 
the northern shrimp’s southern 
limit in the northwest Atlantic, 
the temporal match between egg 
hatching and the spring bloom 
is relatively poor (/). Here, the 
deeper offshore waters are warmer 


T he northern shrimp, Pandalus borealis, 


Good timing. Koeller et al. (1) show that in most parts of the North 
Atlantic, egg hatching for northern shrimp stocks occurs within a week 
of the initiation of the spring phytoplankton bloom (9). Average spring 
bloom initiation dates were determined from satellite-derived surface 
chlorophyll data collected from 1998 to 2006. The average timing of 
50% egg hatching for each stock area is shown with circles that use the 
same color bar as that used for spring bloom initiation dates. 
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than in other parts of the species’ range 
because they are partially derived from the rel- 
atively warm and salty slope waters entering 
the gulf from the North Atlantic (2). Because 
northern shrimp are bottom dwelling and eggs 
develop faster at higher temperatures, eggs 
hatch earlier in the gulf stock than in any other 
stock investigated, and well before the spring 
bloom. Egg hatching would occur even earlier 
if gulf females did not exhibit a behavior seen 
nowhere else in the species’ range. During 
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Northern shrimp stocks thrive when climatic 
conditions lead to cold bottom waters. 


winter, egg-bearing females migrate from off- 
shore into the colder, shallower nearshore 
waters, a behavior that Koeller et al. suggest is 
an adaptation to delay egg development and 
improve the match between egg hatching and 
the spring bloom. 

Bottom temperatures in the northwest 
Atlantic’s shelf waters often respond to climate- 
associated changes in ocean circulation, and 
such responses can impact the population biol- 
ogy of northern shrimp. The North Atlantic 
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Oscillation (NAO) is the main mode of interan- 
nual to interdecadal climate variability in the 
North Atlantic. By altering circulation patterns 
in the northwest Atlantic, the NAO can affect 
the bottom temperatures throughout the region. 
During positive NAO conditions, volume 
transport in the Labrador Current increases, 
resulting in colder bottom temperatures and 
lower salinities in the shelf waters north of the 
tail of Newfoundland’s Grand Banks (3). The 
reverse occurs during negative NAO condi- 
tions. Paradoxically, because of a bifurcation in 
the Labrador Current near the tail of the Grand 
Banks, responses to the NAO downstream of 
this point are reversed, with bottom waters 
tending to be warmer and saltier during positive 
NAO conditions and colder and fresher during 
negative NAO conditions. 

During the 1960s, negative NAO condi- 
tions predominated, and the Gulf of Maine 
stock of northern shrimp thrived in the colder 
bottom temperatures. During the 1970s, the 
NAO shifted into a predominantly positive 
phase and the stock collapsed. Although 
overfishing cannot be excluded as a con- 
tributing factor to this collapse (/), environ- 
mental conditions in the gulf were certainly 
more favorable physiologically for northern 
shrimp in the 1960s than the 1970s. 

The NAO has remained in a predominantly 
positive phase since the 1970s, yet northern 
shrimp stocks throughout the northwest 
Atlantic increased to relatively high abun- 
dances during the early 1990s (J). This 


increase has been attributed to two factors. 
First, the abundance of groundfish predators 
(especially cod) that feed on northern shrimp 
declined, mostly as a result of overfishing (4). 
This release of predation pressure must have 
boosted shrimp survivorship dramatically. 
Second, atmospheric changes in the Arctic 
resulted in two large salinity anomalies— 
pulses of anomalously cold, low-salinity 
water—entering the northwest Atlantic’s shelf 
circulation (5). Throughout the region, surface 
waters freshened and became more stratified, 
enhancing phytoplankton production during 
autumn and winter. Favorable feeding condi- 
tions during these seasons may have con- 
tributed to the reproductive success and larval 
survival of northern shrimp. 

The future distributional range of northern 
shrimp will reflect the interplay between cli- 
mate-associated changes in the ocean and the 
demographic responses of a stock-structured 
population. It is commonly assumed that more 
northerly species will contract their ranges in 
response to climate warming, but just the 
opposite has been seen during recent decades 
in at least one part of the northwest Atlantic 
(5). In shelf ecosystems upstream of the tail of 
the Grand Banks, the predominantly positive 
NAO conditions since the 1970s have led to 
colder bottom waters that are physiologically 
favorable for boreal species like the northern 
shrimp. Episodic large salinity anomalies have 
reinforced this bottom-water cooling for sev- 
eral years in each decade since the 1970s (6). 


Colder bottom temperatures not only 
offer physiological advantages for northern 
shrimp; they also provide an ecological 
advantage by slowing the growth and repro- 
ductive rates of cod, its principal predator 
(7). The recovery of cod stocks from over- 
fishing has been suppressed by the same cold 
temperatures that have enabled stocks of 
northern shrimp and snow crab to flourish. 
The expanded shrimp and snow crab fish- 
eries have been more lucrative than the cod 
fishery ever was. The sustainability of 
marine fisheries will depend on scientific 
advances that enable managers to better 
anticipate the responses of stock-structured 
populations to an ever-changing climate (8). 
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An Invasive Plant Paradox 


Marnie E. Rout and Ragan M. Callaway 


hy some plants attain extremely 
high densities in communities 
where they are exotic, yet remain at 


low densities in their native ranges is a mys- 
tery. The pattern has been called a “paradox” 
because it conflicts with long-held ideas about 
the importance of local adaptation for the eco- 
logical performance of organisms (/). This 
biogeographical shift may be connected to 
other apparent ecological paradoxes that occur 
with plant invasions involving processes medi- 
ated by soil microbes. Invasions can decrease 
plant species diversity but also increase 
plant productivity. Rather than depleting soil 
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resources as productivity increases, invasions 
often increase soil stocks, pools, and fluxes of 
nitrogen through processes regulated by 
microbial communities. 

Plant species richness and functional diver- 
sity can increase local net primary productivity 
(see the figure), predominantly through more 
complete use of resources, or “niche comple- 
mentarity” (2). Exotic plant invasions locally 
reduce native plant diversity, often to the point 
of becoming the only plant species present (3). 
However, contrary to what diversity-produc- 
tivity experiments would predict, net primary 
productivity typically increases with exotic 
invasions (4-6). Ina recent meta-analysis of 94 
studies, the average increase in annual net pri- 
mary productivity was over 80% in invaded 
ecosystems (6). This “invasion-diversity-pro- 


One reason that invasive plants may thrive in 
new environments is their interactions with soil 
microbes that increase nitrogen cycling. 


ductivity” paradox cannot be explained by 
niche complementarity, but differences in 
plant-soil-microbe interactions in the invaded 
and native ranges could perhaps provide part 
of the answer. Soil microbes can have strong 
density-dependent effects on plants, often 
called plant-soil-microbe feedbacks (7). These 
feedbacks are usually neutral or negative for 
plants in soils from their native ranges, but can 
be positive for invasive plants in soils from 
invaded ranges (8, 9). This directional shift is 
likely due to the absence of evolved species- 
specific plant-pathogen relations for the inva- 
sive plants (9). This absence likely enhances 
the competitive dominance of plant species in 
new ranges and increases their productivity. 
Nitrogen is the primary factor limiting net 
primary productivity in most ecosystems (/0), 


8 MAY 2009 VOL324 SCIENCE www.sciencemag.org 


Published by AAAS 


PHOTO CREDIT: JUPITERIMAGES 


Plant productivity (kg/m?/year) 


Number of plant species 


Diversity and productivity. Plant productivity increases to an asymptote as plant diversity increases [solid 
line; derived from (2) with permission from the Ecological Society of America]. Higher productivity correlates 
with losses in native species richness, and invasives dominate [dashed line; estimated from (6); see (17)]. The 
asymptote remains higher due to invader presence in the system at lower relative densities. (Inset) The photo 


shows A. adenophora. 


and short-term increases in this productivity 
(for example, as a result of agricultural prac- 
tices) typically deplete nitrogen and other soil 
resources. By contrast, plant invasions 
increase soil nitrogen pools and total ecosys- 
tem nitrogen stocks (6, //, 12). Soil nitrogen 
is regulated by the activity of soil-dwelling 
and mutualistic microbes. On average, 
invaders double litter decomposition rates, 
and increase both soil nitrogen mineralization 
and nitrification by over 50% (6). For exam- 
ple, the invasive trees Acer platanoides and 
Ailanthus altissima increase net nitrogen min- 
eralization, net nitrification, and soil nitrogen 
availability compared to native tree species, 
including the congener Acer saccharum (13). 
How do invasive plants decrease species 
diversity but increase soil nitrogen and net pri- 
mary productivity? Invaders might possess 
morphological or biochemical traits that differ 
from those of native species in ways that 
increase nitrogen cycling in the soil. For exam- 
ple, thinner chlorophyll-enriched leaves that 
are also lower in structural carbon (characteris- 
tics that promote rapid growth) could be impor- 
tant traits for invasive success. Such character- 
istics would allow more rapid leaf decomposi- 
tion, creating litter that contains a higher con- 
centration of nitrogen (higher litter quality). 
Increased litter deposition rates or litter quality 
(14) could then explain increased nitrogen 
pools, stocks, and fluxes in soil. However, leaf 
traits may not provide all of the answers. 
Invaders vary widely in leaf traits, and invasive 
plant species do not appear to initiate the same 
chain of ecosystem changes in their home 
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ranges. For example, Spartina alterniflora is 
native to eastern North America but is an 
aggressive invader in China where it has a 
greater leaf area index [(LAD), the ratio of leaf 
surface areas to ground surface area]. A higher 
LAI indicates that a plant produces a denser 
canopy (larger sized and greater quantity of 
leaves) in the invaded range (5). Reciprocally, 
Phragmites australis is native to China but is a 
highly successful invader in North America 
where it has greater net primary productivity 
(5). If invasive species enhance net primary 
productivity and nitrogen cycling in invaded 
ranges but not in their native ranges, then the 
inherent traits of plants are unlikely to drive 
these processes as these alterations should 
also be occurring in the native ranges. 
Alternatively, invasive plants may undergo 
rapid natural selection for such key leaf traits 
only in invaded ranges. For example, the inva- 
sive aster Ageratina adenophora (see the fig- 
ure), which is native to Mexico, is an invader 
throughout the subtropics and appears to have 
evolved increased nitrogen allocation to pho- 
tosynthesis and reduced allocation to cell 
walls in the absence of specialist herbivores 
(15). This would make leaves easier to decom- 
pose and suggests a potential mechanism by 
which invaders might possess leaves with 
traits that enhance nitrogen cycling in the soil 
of invaded ecosystems. 

Soil microbes might simply be passengers 
in the process of increasing nitrogen pools and 
fluxes. However, invaders and soil microbes 
might interact in a biogeographically explicit 
way, as is often seen for plant-soil-microbe 
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feedbacks (9), allowing the microbial com- 
munity to drive changes in the nitrogen cycle 
that occur with plant invasions. Such shifts in 
plant-soil-microbe feedbacks would indicate 
that communities of soil microbes and plants 
have regional evolutionary trajectories in dif- 
ferent parts of the world, and that mixing 
plants and soil microbes from different evolu- 
tionary trajectories might alter ecosystem 
functions. If microbial communities responsi- 
ble for various ecosystem processes (includ- 
ing nitrogen fixation, nitrification, ammonifi- 
cation, and organic matter decomposition) 
interact with invasive plants in ways deter- 
mined by evolution and biogeography, then 
this may help to explain the apparent paradox 
of increased nitrogen pools and fluxes with 
plant invasions. 

What is needed are biogeographical com- 
parisons of soil microbial communities and 
of the processes by which they drive plant 
invasions, specifically in native and invaded 
ranges. For example, invasion by some exotic 
grasses corresponds with increased soil nitri- 
fication rates and higher abundance and 
diversity of ammonia-oxidizing bacteria in 
invaded ranges (/6). Additionally, nitrifica- 
tion rates positively correlate with changes in 
the bacterial community, suggesting a mech- 
anism for increased nitrogen cycling in these 
invaded soils. As our understanding of micro- 
bial biogeography and associated functional 
differences expands, we may learn much 
about regional evolutionary relationships 
among plants and soil microbes and how this 
affects ecosystem functioning. 
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Elemental Composition 
of the Martian Crust 


Harry Y. McSween Jr.,.* G. Jeffrey Taylor,” Michael B. Wyatt? 


The composition of Mars’ crust records the planet's integrated geologic history and provides 
clues to its differentiation. Spacecraft and meteorite data now provide a global view of the 
chemistry of the igneous crust that can be used to assess this history. Surface rocks on 

Mars are dominantly tholeiitic basalts formed by extensive partial melting and are not highly 
weathered. Siliceous or calc-alkaline rocks produced by melting and/or fractional crystallization 
of hydrated, recycled mantle sources, and silica-poor rocks produced by limited melting of 
alkali-rich mantle sources, are uncommon or absent. Spacecraft data suggest that martian 
meteorites are not representative of older, more voluminous crust and prompt questions about 
their use in defining diagnostic geochemical characteristics and in constraining mantle 
compositional models for Mars. 


ver the past decade, instruments on 
orbiting spacecraft, landers, and rovers A 4, GRS assumes 


critically evaluate geochemical data from all these 
sources to constrain the composition of the crust 
and consider how martian magmatism may have 
differed from that on Earth. 


Geochemical Data Sets 


The Gamma-Ray Spectrometer (GRS) on the 
Mars Odyssey orbiter has provided elemental 
abundance data and global distribution maps 
for H, Si, Ca, K, Cl, Fe, and Th (7). A global 
map will be available for Al, but at present we 
use only the global Al mean value. We used 
data collected from June 2002 to January 2006. 
Reduced elemental concentrations were origi- 
nally binned at 0.5° by 0.5° and smoothed using 
mean filters over radii of 5° (K), 10° (H, Fe, and 
Th), or 15° (Si and Ca). For our analysis, we 
rebinned data to 5° by 5° grid points, resulting 
in large spatial resolution. We used only points 
in regions where H contents are low enough not 
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coated with alteration rinds, and martian spectral 
signatures formerly interpreted as andesitic (3) 
are now attributed to the effects of chemical 
weathering (4, 5). Only a few occurrences of 
evolved siliceous rocks have been discovered in 
: ; Gusev 

global spectral surveys (6), supporting the view * Rock RAT 
that magmatic differentiation has been very ® Rock brush 
limited. Although much of the surface is cov- 
ered by sediments, these materials largely re- 
tain the chemical compositions of their basaltic Olivine 
precursors. 

Sufficient geochemical data now exist to bet- 
ter characterize the crust and the igneous pro- 
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Fig. 1. (A) Total alkalis-silica diagram used for classification of volcanic rocks. Gusev RAT-ground 
and RAT-brushed compositions for the same rocks are connected by tie-lines. Analyses of Gusev 
rocks and soils, martian meteorites, and global GRS data (calculated on a volatile-free basis) 


cesses that produced it. Here, we compare and indicate a crust dominated by basalts. TES-derived data and possibly the Mars Pathfinder rock 


composition may reflect alteration. Data sources in this and other figures are discussed in the text. 
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to interfere in the determination of Si, Fe, and 
Ca concentrations. Hydrogen has a high cross- 
section for capturing thermal neutrons, substan- 
tially affecting the neutron flux in the upper 
~30 cm of the martian surface. We corrected 
the data for this effect (7) by a process that 
uses measured fluxes of y-rays from H, Fe, Si, 
and Ca, and the fluxes calculated from a neu- 
tron transport y-ray production model. This ap- 
proach produces reasonable values at equatorial 
latitudes but uncertain values at higher polar 
latitudes where H dominates elemental signa- 
tures. Accordingly, we constrained our results 
using a mask based on H concentration, corre- 
sponding to roughly +45° of latitude from the 
equator. The concentration of H does not affect 
K and Th data because their y-rays result from 
radioactive decay. To compare igneous rock 
compositions, we further adjusted the data to a 
volatile-free basis by removing HO, Cl, and 
SO;, the quantities of which were calculated 
from the S/Cl ratio of ~5 found at rover landing 
sites. We represent GRS element abundances as 
boxes defined by global averages and standard 
deviations (10). 

Measurements of the Thermal Emission Spec- 
trometer (TES) onboard the Mars Global Survey- 
or orbiter are sensitive to the chemistry and 
structure of silicates (8). Complex mixtures can 
be deconvolved into mineral abundances using 
a spectral library of known minerals (9). The major 
oxide concentrations can be estimated from TES 
data to within +5 weight percent (wt %) using 
known mineral chemistries and deconvolved min- 
eral abundances from thermal emission studies 
(10, 11). We modeled the spectra (/2) over 233 
to 508 cm | and 825 to 1301 cm | using an end- 
member set consisting of primary (e.g., plagio- 
clase, pyroxene, and olivine) and secondary (e.g., 
phyllosilicates, sulfates, and oxides) phases with 
known chemistries. Finally, we calculated major 
oxide concentrations on a H,O-free and CO>- 
free basis. The data clouds in our graphs repre- 
sent derived chemical compositions from global 
TES data binned at 4 pixels per degree. 

In comparing GRS analyses and TES- 
derived compositions, it is necessary to realize 
that y-rays can penetrate to depths of 20 to 30 cm 
and thus analyze a much greater volume of 
material, relative to thermal emission spectra 
that sample only the outermost 10 to 100 um. 
Thus, surface alteration processes may have a 
profound effect on geochemical classifications 
based on TES data. 

Sediments potentially sample broad areas of 
the crust, although fractionation of heavy min- 
erals is likely during their transport. X-Ray Flu- 
orescence (XRF) instruments on the Viking landers 
obtained six soil analyses from two landing sites 
(73). Another five soils were analyzed by the 
Alpha-Proton-X-ray Spectrometer (APXS) on 
the Mars Pathfinder rover. APXS (/4) on the 
Mars Exploration Rovers (MER), Spirit and Op- 
portunity, analyzed nearly 100 soils at two dif- 
ferent sites (15, 16). We plot Gusev crater soil 
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Fig. 2. (A) Ca/Si-Mg/Si diagram used for classification of martian meteorites. The GRS-measured Ca/Si 
ratio and standard deviation is represented by a horizontal band. Global Mg/Si can be estimated from 
the intersection of that band with the regression line for shergottites or from the average Mg/Si value 
for Gusev rocks and soils (red arrows). (B) FeO*/MgO-silica diagram used for distinguishing dry tholeiitic 
(TH) and wet calc-alkaline (CA) rocks. All martian samples are tholeiitic. TES-derived compositions result 
from alteration. Arrows represent melting and fractionation trends in terrestrial magmas. 


compositions measured by Spirit, but Viking, 
Pathfinder, and Opportunity soils are illustrated 
by ovoids enclosing the data, to minimize com- 
plexity in our diagrams. 

Two different calibrations of five rock analy- 
ses by the Mars Pathfinder APXS have been 
published (77, 18). The true compositions of 
the Pathfinder rocks are unknown, because the 
APXS analyzed only the outermost few micro- 
meters. The dust-free rock composition has been 
estimated by plotting abundances of various 
oxides versus sulfur and extrapolating trends to 
zero sulfur, in effect removing the sulfur-rich dust 
coatings. There remains, however, a concern 
that alteration rinds might have been present 
on these rocks. 


The MER have performed analyses of more 
than 250 rocks with their APXS (/5, 16). Rock 
Abrasion Tools (RAT) brushed away surface 
dust and ground into rock interiors. Detailed 
observations of RAT holes and comparison of 
brushed and abraded rock compositions reveal 
that rocks at both sites commonly have altera- 
tion rinds (/9). In compiling MER rock analyses, 
we used only data from RAT-ground or RAT- 
brushed rocks. Rocks at the Opportunity landing 
site in Meridiani Planum are altered basaltic 
sandstones cemented by salts (20). Meridiani 
has a distinctive TES spectrum (2/) produced by 
lag deposits of hematite concretions; this spec- 
trum is not representative of the martian surface. 
Consequently, these evaporitic sediments are not 
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likely to be a major crustal component. How- 
ever, one sample from Meridiani, Bounce Rock 
(22), has a chemical and mineralogical compo- 
sition similar to martian meteorites (shergottites) 
and was included in our compilation. Unlike 
Meridiani, Spirit’s Gusev landing site spectrally 
resembles most of the martian surface, and thus 
its igneous rocks are more likely to represent 
other parts of the crust. Here, we focus espe- 
cially on Gusev samples, esti- 
mated to have formed at ~3.7 
billion years ago (23). 

Martian meteorites (24) in- 
clude three types of shergot- 
tites (basaltic, olivine-phyric, and 
lherzolitic), nakhlites, chassignites, 
and ALH84001—all igneous 
rocks. We focus on shergottites Fl 
and nakhlites, because they are 
the most abundant and well 
characterized. Moreover, their 
petrographic characteristics are 
consistent with near-surface 
rocks. With the exception of 
ALH84001, the radiometric ages 
of all these meteorites indi- 
cate that they crystallized since 
~14 billion years ago (25). Thus, 
they are considerably younger 
than Gusev rocks. The times 
of ejection of these meteorites 
from Mars, estimated from 
cosmogenic nuclide measure- 0 
ments (26), define four clusters 
with several outliers, each con- 
taining a single meteorite type 
and likely representing a distinct 
launch site. Although crystal- 
lization ages suggest that these 
meteorites constitute a chronologically biased sam- 
pling of the martian crust, they represent more 
sampling locations than those visited so far by 
landers and rovers. Bulk-rock geochemical data 
for shergottites and nakhlites from various sources 
were compiled by (27). Here, we consider major 
and minor elemental abundances that can be 
compared with remote sensing data. 
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Geochemical Classification of Crustal Rocks 


The total alkalis-silica diagram (Fig. 1A) is com- 
monly used for geochemical classification of 
volcanic rocks. Martian meteorites plot within 
the basalt field, as does compositionally similar 
Bounce Rock. Gusev rocks also are concentrated 
within the basalt field, but they have higher 
Na,O+K,0 values. Their compositions are scat- 
tered (some are tephrites or picrobasalts), pos- 
sibly resulting from fractional crystallization at 
varying depths (28). Gusev rocks are clearly more 
alkali-rich than other martian compositions. The 
Mars Pathfinder dust-free rock composition is 
andesite, although this composition may reflect 
surficial silica enrichment during weathering. 
Gusev soils plot in the basalt field, super- 
imposed on compositions of the local basaltic 


Martian crust 1 5 


rocks. Meridiani soils are basaltic, but with slightly 
lower alkalis than Gusev soils. Pathfinder soils 
have lower silica and alkalis and are distinct from 
the composition of the local rocks. Viking soils 
are not plotted because Na was not analyzed. 
The globally averaged GRS-measured silica 
abundance (Fig. 1A) corresponds to basalt, and 
the standard deviation indicates that few analy- 
ses lie outside the basalt range. The GRS ana- 


gest Mars is enriched in alkalis relative to Earth 
(30, 31). Terrestrial alkaline magmas typically 
form by melting altered mantle sources, and their 
absence on Mars points to limited fluid-assisted 
metasomatism at depth. 

We use the Ca/Si-Mg/Si diagram for geo- 
chemical classification of martian meteorites (Fig. 
2A). Our version uses weight ratios, although the 
original diagram (32) used molar ratios. Basaltic, 

olivine-phyric, and lherzolitic 
shergottites are enclosed by ovals, 
and increasing Mg/Si reflects 
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Fig. 3. Mg/Si-AVSi diagram previously thought to discriminate between Mars and 
Earth rocks. Gusev and GRS data do not show the Al depletion seen in martian 
meteorites. GRS Al data represent the global mean + 1 SD analytical uncertainty. 


lyzed K but not Na, so the average Na,O/K,O 
weight ratio for Gusev rocks and soils (8.9) was 
assumed in constructing the GRS box. Martian 
meteorites have very low K,O abundances and 
thus a high average Na2O/K,0 ratio (12.5); using 
this ratio gives unreasonable results when com- 
bined with GRS measurements of K. 

TES-derived compositions are clearly distinct 
from other data sets (Fig. 1A). We interpret this 
difference to result from surface chemical weath- 
ering. Global variations in silica abundances are 
modest, and, at the course scale of GRS data, no 
areas dominated by siliceous rocks are apparent 
in a GRS silica distribution map (7). 

Additional information about basaltic com- 
positions is revealed by calculated norms (Fig. 
1B), which recast bulk chemistry into min- 
erals. The normative mineral abundances for 
martian meteorites, Bounce Rock, the Mars 
Pathfinder dust-free rock, and the least altered 
Gusev rocks (29) plot within the field of olivine 
tholeiites or in the quartz tholeiite field close to 
the plagioclase-hypersthene join. The absence of 
nepheline-normative rocks suggests that melts 
from alkali-rich mantle sources are uncommon, 
despite GRS observations and models that sug- 
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Gusev rocks and soils have lower 
Ca/Si, and Gusev, Meridiani, 
Pathfinder, and Viking soils all 
nearly overlap. 

0.4 The GRS-measured average 
Ca/Si value and standard devi- 
ation are indicated by a hori- 
zontal bar (Fig. 2A). The GRS 
cannot measure Mg, but we 
estimated a global Mg/Si val- 
ue of 0.29 (range 0.11 to 0.42) 
from the intersection of the 
average GRS Ca/Si value with 
the Ca/Si-Mg/Si regression line 
for shergottites (Fig. 2A). The 
value agrees closely with the 
average Mg/Si ratio for Gusev 
rocks and soils (0.27 + 0.10), so 
it is immaterial whether we de- 
rive this value from martian me- 
teorites or Gusev analyses. The 
Mg/Si ratio corresponds to 
~11.0 wt % MgO, which will 
be used as the global GRS 
value in other diagrams. TES-derived Mg/Si 
and Ca/Si ratios partly overlap with those of 
Gusev samples. 


Tholeiitic or Calc-Alkaline Magmas? 


Magmatic trends are markers for plate tectonics 
on Earth, reflecting melting of dry or wet mantle 
sources at spreading centers or subduction zones, 
respectively. The compositions of martian mete- 
orites, Bounce Rock, Gusev rocks, and the soils 
from all sites are tholetitic (Fig. 2B). The GRS 
average FeO*/MgO ratio (FeO* is total Fe, ex- 
pressed as FeO; MgO was estimated from Fig. 
2A) is likewise tholetitic. However, TES-derived 
compositions plot in the calc-alkaline field. 
Tholeiitic magmas, which are relatively dry, 
show Fe enrichment during fractionation, as il- 
lustrated by the nearly vertical black arrows. Dif- 
ferent degrees of hydrous partial melting produce 
magmas distributed along the thick gray arrow 
at the bottom of the figure, and fractionation of 
those hydrous magmas produces silica-enriched 
(calc-alkaline) liquids that follow the smaller 
diagonal gray arrows. It has been speculated (/) 
that the ancient Mars mantle was wet, account- 
ing for the TES-derived compositions of older 
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geologic units. In this model, early melting events 
dehydrated the mantle, so that magmas derived by 
later melting (martian meteorites having young 
radiometric ages) were tholetitic. However, this 
model must be incorrect, because chemically weath- 
ered surface compositions, as measured by TES 
spectra, cannot be interpreted in terms of igneous 
processes. Instead, TES-derived calc-alkaline com- 
positions are artifacts of alteration, and they pro- 
vide no evidence for crustal recycling. 


Mars Geochemical Discriminants 


Several distinctive geochemical characteristics of 
martian meteorites are commonly assumed to be 
fingerprints of Mars, although it has been noted 
that some unusual terrestrial rocks (ferropicrites) 
share their compositions (33). Martian meteor- 
ites are depleted in Al relative to terrestrial rocks 
(30) (Fig. 3). This distinguishing characteristic 
might result from depletion of Al during early 
melting of mantle source regions (34) and, in- 
deed, ancient Gusev rocks are not as depleted in 
Al as are the younger meteorites. The GRS 
global average data also support the 
higher AJ/Si ratios for Gusev rocks. 
This brings into question the va- 
lidity of Al depletion as a geo- 
chemical discriminant for all Mars 
samples. The Gusev RAT-ground r 
rock compositions have consistently 05 
higher Mg/Si ratios than RAT-brushed 
compositions (inset in Fig. 3). This 
difference can be explained by 
preferential leaching of olivine in 
alteration rinds during acidic 
weathering (35). 

The Fe/Mn ratio is another geo- 
chemical characteristic thought to 
be diagnostic for Mars. Fe/Mn ratios 
of pyroxene and olivine in martian 
meteorites are distinct from those of 
lunar and terrestrial minerals (36), 
and the average bulk Fe/Mn in me- 
teorites was used to constrain the mar- L 
tian mantle composition (3/). The 
Fe/Mn weight ratio in the martian 
mantle, based on martian meteor- 
ites, is ~41, lower than that of Earth’s [ 
mantle (~62). However, Fe/Mn ratios L 
for Gusev rocks and soils are sig- 
nificantly different (Fig. 4A). It is 
unclear which ratio provides a more 
accurate assessment of the Mars 
mantle composition. 

Ni/Mg ratios are distinctive for 
martian meteorites (Fig. 4B) and L 
have been used to estimate a Ni abun- ia 
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may not be a valid discriminant for Earth and 
Mars rocks. The global Mg abundance esti- 
mated for GRS data is shown by a vertical bar, 
but Ni data are unavailable. 


Conclusions 


A critical review of element abundance data for 
Mars from available sources supports the con- 
clusion that the crust is basaltic, with very limited 
siliceous rocks and no rocks critically under- 
saturated in silica. The basalts are tholeiites, and 
a previous hypothesis that older crustal rocks are 
calc-alkaline is incorrect. Thus, important roles 
for crustal differentiation or melting of recycled, 
hydrous, or alkali-rich mantle sources are not 
supported by the data, pointing to distinct mag- 
matic processes in producing the crusts of Mars 
and Earth. The abundance of basalts indicates 
that chemical weathering has been limited over 
much of the planet’s history. The spacecraft data 
also suggest that young martian basaltic mete- 
orites are not representative of the older crust 
and cast doubt on the validity of geochemical 
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dance for Mars that is considerably 1 
lower than for Earth (37). However, 
RAT-ground Gusev basalts plot along 
the terrestrial trend, clearly distinct 
from the meteorites (Fig. 4B). RAT- 
brushed rocks and soils generally 
fall to the Mg-poor side of this trend. 
This diagram suggests that Ni/Mg 


10 
Mg (wt. %) 


Fig. 4. (A) Mn-Fe diagram suggests that the commonly ac- 
cepted Fe/Mn ratio for the martian mantle, based on martian 
meteorites, may not apply to all mantle sources, such as that for 
Gusev rocks. (B) Ni-Mg diagram thought to distinguish Mars and 
Earth samples. Gusev rocks and soils plot along a trend defined 
by terrestrial basalts rather than martian meteorites. 
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fingerprints for Mars that are based on martian 
meteorite data alone. Although martian meteor- 
ites remain a critically important data set, element 
abundances in the crust derived from spacecraft 
measurements suggest that magma source re- 
gions are heterogeneous and constraints on man- 
tle compositional models from the meteorites 
may not apply to the entire mantle. 
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SPECIALSECTION 


INTRODUCTION 


What's Bugging Plants? 


PLANTS, LIKE OTHER ORGANISMS, INCLUDING ANIMALS, LIVE IMMERSED IN ATHRIVING 2 

community of microbes. The diversity of fungi, oomycetes, and bacteria with P la n t ~ Mi C ro b e 
which plants interact brings both plague and benefit. The more we understand how : 

plants on thwart, and sucinetick bugs, the more likely we will be able to a te fd ctl O al S 
extract new resources for antimicrobial treatments and manage agricultural chal- 
lenges (Editorial, p. 691). 

Microbial pathogens on the attack give the host plant several opportunities to CONTENTS 
respond. The very molecules of the microbe provide a means by which plants can 
identify the specific threat and take action. And the signal molecule(s) that the 
microbe exudes in its pathogenic actions can provide other targets. Boller and He 742 
(p. 742) discuss how innate immunity represents the first line of inducible defense : : 
against infection in both plants and animals. Takken and Tameling (p. 744) look at eis Ms a BiRSLONE ID 
the biochemistry of the resistance (R) proteins as they detect microbial signals and T Boller and S. Y. He 
activate plant defenses. 

Phytochemicals that function primarily in warding off microbial pests warrant 
much more diverse analysis, as detailed by Bednarek and Osbourn (p. 746), who 
discuss interwoven networks of function for plant secondary metabolites. 
Pathogens must also get past various physical barriers at the plant surface. Some of 
the means by which fungi deliver their effector proteins into the plant cell are high- 
lighted by Panstruga and Dodds (p. 748). When the various defenses fail and the : . 
pathogen gains access to the plant, both plant and pathogen make use of complex at Setar a 
signaling networks of hormones, including jasmonate, auxin, abscisic acid, and R. Panstruga and PN. Dodds 
gibberellin, as discussed by Grant and Jones (p. 750). ; 

Microbes tend to get our most immediate attention when things go wrong ton si ae ae Gny moulds 
in ways that affect us—when the fruit is blemished or the wheatfield ae pate ce te inks 
destroyed. But not all microbial interactions are detrimental. Some plants ben- . 
efit from interactions with their microbial community. The root nodules on ioe ee alate POE SE 

‘ : Soir ; or Endosymbiosis 
soybeans, where bacteria bask in symbiotic comfort, provide the host plant GE. D. Oldroyd et al. 
with important nutrition. Oldroyd ef al. (p. 753) survey our current under- 
standing of how plants form and maintain mutually beneficial interactions 


Perspectives 


Innate Immunity in Plants: An Arms 
Race Between Pattern Recognition 


744 To Nibble at Plant Resistance Proteins 
F. L. W. Takken and W. I. L. Tameling 


746 Plant-Microbe Interactions: Chemical 
Diversity in Plant Defense 
P. Bednarek and A. Osbourn 


748 Terrific Protein Traffic: The Mystery of 


755 Coevolution of Plants and Their 
Pathogens in Natural Habitats 


with fungi and bacteria. Over time, microbial partnerships may shift between J.J. Burdon and PH. Thrall 
parasitism, pathogenesis, commensalism, and mutualism, as the balance of 
changes between partners. Burdon and Thrall (p. 755) take an organismal See also related Editorial on p. 691 


view of plant-microbe interactions, examining the importance of ecological 
factors and the need for realistic models of coevolution. 

The interactions between plants and their bugs reflect an extremely com- 
plex system. This special collection of articles highlights some of the recent 
research progress made in understanding microbes and what they bring to the 
plant world. 

— Pamela J. Hines and Laura M. Zahn 


Science 
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Plant-Microbe Interactions 


PERSPECTIVE 


Innate Immunity in Plants: An Arms Race 
Between Pattem Recognition Receptors in 
Plants and Effectors in Microbial Pathogens 


Thomas Boller?* and Sheng Yang He* 


For many years, research on a suite of plant defense responses that begin when plants are 
exposed to general microbial elicitors was underappreciated, for a good reason: There has been no 
critical experimental demonstration of their importance in mediating plant resistance during 
pathogen infection. Today, these microbial elicitors are named pathogen- or microbe-associated 
molecular patterns (PAMPs or MAMPs) and the plant responses are known as PAMP-triggered 
immunity (PTI). Recent studies provide an elegant explanation for the difficulty of demonstrating 
the role of PTI in plant disease resistance. It turns out that the important contribution of PTI to 
disease resistance is masked by pathogen virulence effectors that have evolved to suppress it. 


microbial pathogens, but the world is still 

green. Why? Plants possess an innate im- 
mune system that efficiently detects and wards 
off potentially dangerous microbes (/—3). A first 
layer of this system is based on the amazingly 
sensitive perception of pathogen- or microbe- 
associated molecular patterns (PAMPs or MAMPs) 
through pattern recognition receptors (PRRs) at 
the plant’s cell surface (Fig. 1). For example, plants 
perceive bacterial flagellin through a PRR known 
as FLS2 (flagellin sensitive 2), a leucine-rich repeat 
receptor kinase (LRR-RK) located in the plasma 
membrane. Similarly, mammals use the Toll-like 
receptor TLRS to perceive bacterial flagellin and 
mount multifaceted downstream immune responses 
(/, 4). The responses to flagellin and other MAMPs 
have been called PAMP-triggered immunity (PTI). 
Successful pathogens produce effectors to inhibit 
PTI, but plants, in turn, can perceive such effectors 
through additional receptors—typically nucleotide- 
binding leucine-rich repeat (NB-LRR) proteins—to 
mount a second layer of defense called effector- 
triggered immunity (ETI). Although the importance 
of ETI (formerly known as gene-for-gene resist- 
ance) in plant immunity is well established, only 
recently have we begun to appreciate a fundamental 
role of PTI in mediating plant-microbe interactions. 
Here, we highlight recent literature on PRR sig- 
naling and the ability of microbial pathogens to 
suppress PTI as a key virulence strategy. 


P= are exposed to myriads of potential 


Perception of Microbes Through Pattern 
Recognition Receptors 


A hallmark of PRRs is their sensitivity and spec- 
ificity: Plants possessing the appropriate PRRs 


1Zurich-Basel Plant Science Center, Botanical Institute, University 
of Basel, Hebelstrasse 1, 4056 Basel, Switzerland. Department of 
Energy Plant Research Laboratory, Department of Plant Biology, 
Michigan State University, East Lansing, MI 48824, USA. 
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perceive a specific MAMP at subnanomolar con- 
centrations, whereas plants lacking the PRRs are 
completely blind to it. A given MAMP is recog- 
nized through a specific conserved epitope, such 
as the stretch of 22 amino acids (flg22) in the N 
terminus of flagellin. Can pathogens avoid per- 
ception by the PRRs? It appears they can, but at a 
cost. Introduction of mutations into flagellin that 
make the molecule unrecognizable by FLS2 also 
render the microbe motionless and reduce its vir- 
ulence (5). Thus, the specificity of the PRR ap- 
pears to be focused exactly on a highly conserved 
domain of the MAMP that is functionally im- 
portant to the microbe. 

FLS2 homologs exist in all higher plants for 
which genomic information is available (/), and 
the rice homolog is functionally active as a fla- 
gellin receptor (6). Hence, flagellin perception 
through FLS2 homologs is evolutionarily old and 
conserved. Another well-characterized PRR of 
Arabidopsis, EFR (EF-Tu receptor), perceives 
bacterial EF-Tu (elongation factor Tu). Percep- 
tion of this MAMP seems to be confined to the 
Brassicaceae and is not found in other dicots or 
monocots, which suggests that EF-Tu perception 
is evolutionarily young. However, all plant ge- 
nomes so far sequenced contain homologs of the 
EFR-encoding gene with a comparable LRR 
structure. The rice genome encodes about 40 
such homologs (/). One of them, found in some 
rice cultivars, is the disease resistance gene Xa2/, 
the protein product of which appears to recognize 
a quorum-sensing molecule of the rice pathogen 
Xanthomonas oryzae; thus, although the EFR- 
type PRRs show elements of conserved sequences 
among plants, they appear to recognize different 
MAMPs in different plant families (/). 

One of the first steps in signaling of the FLS2 
receptor is its interaction with BRI1-associated 
kinase (BAK1), an LRR-RK (7, 8). This comes 
as a surprise, because BAK 1 has previously been 
known as a co-receptor of the plant hormone 


brassinosteroid receptor BRI1, as its name indi- 
cates (9). How can the same co-receptor function 
both in defense signaling and hormonal signal- 
ing? BRI1 and BAK! are phosphorylated upon 
activation in hormonal signaling (9). Does this 
also occur in the FLS2-BAK1 interaction, and 
does differential phosphorylation contribute to 
the specificity of downstream responses? Is there 
competition between PTI and the brassinosteroid 
response for the co-receptor? What is the func- 
tion of the four BAK1 homologs, the somatic 
embryogenesis-related kinases (SERKs), in Ara- 
bidopsis? Dysfunction of two of these, bak! and 
serk4, sends Arabidopsis seedlings to death with 
symptoms of the hypersensitive response, a hall- 
mark immune response of ETI (7, 9, /0). 

Despite the specificity and sensitivity of 
MAMP perception by PRRs, it has taken the 
scientific community a long time to accept that 
such systems could support plant disease re- 
sistance during pathogen infection. Opinion be- 
gan to shift with the discovery that mutations in 
the fls2 receptor left Arabidopsis plants un- 
usually susceptible to the bacterial pathogen 
Pseudomonas syringae (11). Even more convinc- 
ing were observations that pathogens actively 
deploy virulence factors as a virulence strategy 
to suppress PTI. 


Suppression of PTI by Pathogen Effectors 


A variety of bacterial virulence factors, including 
the phytotoxin coronatine, extracellular polysac- 
charides, and proteinaceous effectors secreted 
through the type III secretion system (TTSS), 
suppress PTI (/—3). Most spectacularly, two 
secreted effectors, AvrPto and AvrPtoB (from P 
syringae strain DC3000), physically interact with 
the kinase domains of FLS2, EFR, or BAK1 
(12-14). Such physical interactions inhibit the 
kinase activity of PRRs (/2) or interfere with the 
formation of FLS2-BAK1 complexes (/3). Where- 
as AvrPto seems to be a novel protein, AvrPtoB 
contains a C-terminal domain that resembles E3 
ubiquitin ligase; ubiquitination by this domain 
initiates degradation of a tomato kinase (Fen) that 
is part of a unique and presumably ancient ETI 
pathway (/5). The same domain also initiates 
degradation of PRRs, and thus its more important 
role may be in defeating PTI (/4, 6). The ability 
of AvrPto and AvrPtoB to derail PRRs provides a 
satisfying explanation for previous discoveries 
that these effectors could suppress a variety of 
responses of PTI, including callose deposition, 
activation of kinase cascades, and expression of 
MAMP-responsive proteins and small RNAs 
(17-19). Not all bacteria—indeed, not even all 
strains of PR syringae—express AvrPto and 
AvrPtoB, which suggests that other strategies 
exist to inhibit PRR signaling. Indeed, the ef- 
fector HopAI1, present in many but not all P 
syringae strains, is a phosphothreonine lyase that 
dephosphorylates mitogen-activated protein 
kinases (MAPKs) MPK3 and MPK6 to terminate 
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PRR signaling (20). Interestingly, another mem- 
ber of this effector family dephosphorylates 
kinases involved in mammalian innate immunity 
(21), showing that pathogens can apply the same 
mechanism of host immune modulation to both 
plants and mammals. 

Pathogen effectors target more than PRRs or 
the MAPK cascade to suppress PTI. These ef- 
fectors also attack processes directly down- 
stream of PRR signaling and other consequent 
events (Fig. 1) (22). For example, the P. syringae 
effector HopU1 modifies several Arabidopsis 
RNA-binding proteins, including GRP7, by aden- 
osine diphosphate ribosylation. HopM1, another 
P. syringae effector, triggers degradation of the 
Arabidopsis MIN7 protein, which is a member 
of the ARF family of guanine nucleotide ex- 
change factors involved in vesicle trafficking. 
Plants lacking either grp7 or min7 are abnor- 
mally susceptible to bacterial infection, impli- 
cating RNA metabolism and vesicle trafficking 
as part of the plant’s immune response to path- 
ogens (22). The P. syringae effector HopI1 resides 
in the chloroplast, where its action (presumably 
through interaction with Hsp70 chaperones) 
suppresses accumulation of salicylic acid, a 
plant hormone key to defense responses; three 
other P. syringae effectors—AvrRpm1, AvrB, and 
AvrRpt2—interact with or modify proteins such 
as RIN4 and RARI that regulate pathogen- and 
effector-triggered immunity (22). 


A 


Fig. 1. Concept of activation and suppression of PTI during pathogen infection. 
(A) An Arabidopsis plant showing disease symptoms (in the foreground; natural 
size) after infection by P. syringae bacteria (electron microscopy image in the 
background; magnification, 10,000x). (B) A conceptual diagram of PRR signaling 
and action of several P. syringae effectors for which the plant targets and 


The many examples of physical associations 
between pathogen effectors and regulators of 
host immune responses have spurred a notion 
that pathogen effectors can be used as molecular 
probes to identify unknown components of the 
plant innate immune system, including those in- 
volved in PTI. This is an exciting time for re- 
searchers in this area, especially because recent 
functional genomics studies suggest that bacteria, 
fungi, oomycetes, and nematodes that are path- 
ogenic to plants could collectively deliver hun- 
dreds of virulence effectors into host cells. 
Identification of the plant targets of this vast 
repertoire of pathogen effectors will likely yield 
many new discoveries that could have a great im- 
pact on our understanding of plant immunity, 
pathogenesis, and plant biology for years to come. 


Concluding Remarks 


The past few years have witnessed paradigm- 
shifting advances in the field of plant-microbe 
interactions. Contributing to these advances are 
experimental demonstrations of a functional role 
of PRRs in plant disease resistance and the dis- 
covery that many bacterial virulence factors are 
involved in suppressing PRR signaling and PTI- 
associated immune responses. Nonetheless, cur- 
rent research is limited by heavy reliance on 
information derived from essentially a single 
pathosystem: the interaction between the plant 
Arabidopsis and the bacterium P. syringae (Fig. 
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1). Thus, our current understanding of plant- 
pathogen interactions is of a pioneering but pre- 
liminary nature. It remains to be seen whether the 
conceptual framework emerging from the study 
of this pathosystem will translate to other plant- 
microbe interactions. The incredibly diverse in- 
teractions between plants and microbes suggest 
that other systems will involve many novel 
mechanisms, which are likely to refine or even 
challenge the current models. However, because 
all pathogens carry MAMPs that may be rec- 
ognized by plants, yet all plants are still sus- 
ceptible to virulent pathogens, it is certain that 
activation and suppression of PTI is a general 
principle underpinning plant-microbe interactions. 
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PERSPECTIVE 


To Nibble at Plant 


Resistance Proteins 


F. L. W. Takken?* and W. I. L. Tameling?* 


To intercept invading microbes that threaten growth and reproduction, plants evolved a 
sophisticated innate immune system. Recognition of specialized pathogens is mediated by 
resistance proteins that function as molecular switches. Pathogen perception by these multidomain 
proteins seems to trigger a series of conformational changes dependent on nucleotide exchange. 
The activated resistance protein switches on host defenses, often culminating in the death of 
infected cells. Given their control over life and death, activity of these proteins requires tight 
regulation that involves intramolecular interactions between the various domains. 


iscrimination between self and non-self is 
D a fundamental ability of immune systems. 

Vertebrates rely on both an innate and an 
adaptive immune system of which the last is based 
on immunological memory. In contrast, plants pri- 
marily rely on their innate immune system in 
which each individual plant cell can autonomously 
mount a defense response (/). Two layers can be 
distinguished in the plant immune system. One is 
based on extracellular trans-membrane receptors 
that recognize conserved microbe-associated mole- 
cules and induce a relatively weak immune response 
that, nevertheless, effectively halts colonization by 
most microbes. The second layer is effective against 
specialized pathogens that can successfully break 
through the first layer and is based on highly 
polymorphic resistance (R) proteins. R proteins 
act mainly (but not exclusively) intracellularly 
and confer protection against (hemi-) biotrophic 
pathogens that need living host tissues for their 
proliferation. During infection, these pathogens 
(which include many viruses, bacteria, fungi, oomy- 
cetes, and nematodes) produce virulence factors 
(effectors), of which several suppress the first 
layer of the plant’s immune system (/), clearing 
the way for infection. Some effectors, or the per- 
turbations they cause in the plant, are perceived 
by R proteins, which consequently set off strong 
defense responses in the plant that often leads to 
suicide of the infected cells (/). 
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Most R proteins are multidomain NB-LRRs 
(“nibblers”), named after their central nucleotide- 
binding (NB) and leucine-rich repeat (LRR) do- 
mains. The NB domain is part of a larger domain, 
the so-called NB-ARC domain, which consists 
of three subdomains: NB, ARC1, and ARC2 
(2). The N termini of these R proteins are struc- 
turally diverse; some have homology to the Toll 
and human interleukin 1 receptor (TIR) and are 
called TIR-NB-LRRs. Others are commonly re- 
ferred to as CC-NB-LRRs, because most carry 
predicted coiled-coil (CC) regions (/, 2). Plant 
NB-LRRs, together with the metazoan cell death 
regulators Apaf-1 and CED-4, form the NB-ARC 
family within the class of STAND [signal trans- 
duction adenosine triphosphatases (ATPases) with 
numerous domains] proteins (3). The NACHT 
sister family within this class encompasses the 
animal NLR (NACHT-LRR/NOD-LRR) innate 
immune receptors, where the NB domain is also 
fused to an LRR domain (4). STAND proteins 
are proposed to function as molecular switches, 
regulating cellular responses through nucleotide- 
dependent conformational changes (2, 3). Here, 
we discuss and evaluate the R protein—switch 
model in the context of other STAND proteins. 

Because R proteins have the potential to 
trigger host cell death, their activity needs to be 
tightly regulated. They should be strongly in- 
hibited in the absence of a pathogen, but rapidly 
activated upon attack. How is this process con- 
trolled? It appears that inappropriate activation 
is prevented by autoinhibition, which seems to 
be mainly accomplished by intramolecular inter- 
actions between the various domains. Interaction 
and mutagenesis studies with various NB-ARC 
and NLR proteins, including R proteins, identi- 
fied both the N-terminal part of the repeat do- 


main and the ARC2 subdomain to be essential 
for this automhibition (5, 6) (Fig. 1). Disturbance 
of the interaction between these two subdomains, 
by mutations or domain swaps, diminishes auto- 
inhibition and results in constitutive R protein 
activation (5, 7). 

The LRR domain is not only involved in neg- 
ative regulation, but provides positive control as 
well. Expression of truncated R proteins that lack 
the LRR domain and carry autoactivating muta- 
tions in the NB-ARC domain generally does not 
induce full host defenses unless the corresponding 
LRR domain is coexpressed (7). Furthermore, var- 
ious studies have shown that the C-terminal part of 
the LRR domain provides pathogen recognition 
specificity (2, 7). Hence, the LRR domain has a 
dual function; it provides autoinhibition and it 
translates pathogen recognition into activation. 
How exactly the LRR recognizes a pathogen is 
unclear. Whereas some R proteins bind effectors 
directly, others require an intermediary host fac- 
tor. This factor often interacts with the N-terminal 
domain of the R protein and could represent either 
the virulence target (thereby acting as a guardee) 
or a target mimic (thereby acting as a decoy) (8, 9). 
In this situation, the LRR is likely involved in 
sensing the effector-induced perturbations of 
the target. Either way, effector recognition evokes 
R-protein activation, a process that, as with other 
STAND proteins, requires the R protein to bind 
nucleotides [adenosine diphosphate or adenosine 
triphosphate (ADP/ATP)] (2, 70-/5). 

Biochemical studies on the tomato R protein 
1-2 revealed that it tightly binds ADP in vitro and 
that mutations reducing its ATP-hydrolysis rate re- 
sult in constitutive defense activation. On the basis 
of these data, it was proposed that R proteins func- 
tion as nucleotide-controlled molecular switches 
(/0). In this model, the ADP-bound state repre- 
sents the “OFF” state and the ATP-bound state the 
“ON” state of the protein (Fig. 1). Recognition of an 
effector triggers a conformational change that re- 
sults in an “intermediate” open state, which enables 
ADP to be exchanged for ATP. Upon ATP-binding, 
the R protein adopts its active conformation (“ON” 
state) that subsequently unchains, in a still unknown 
way, host defenses. ATP hydrolysis eventually re- 
tums the protein to its autoinhibited “OFF” state. 

Recently, this model gained support by the 
observation that related STAND proteins also 
tightly bind ADP in their autoinhibited state 
(16-18). Furthermore, the hypothesis that effector- 
binding sets the stage for nucleotide-exchange 
was substantiated by data on two STAND pro- 
teins: the Escherichia coli transcriptional regu- 
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lator MalT and the human NLR protein NALP1 
(NLRP1). Binding of the inducer, maltotriose or 
muramyl dipeptide, respectively, to these STAND 
proteins is an absolute requirement for their nu- 
cleotide exchange, as exogenously applied ATP 
was not bound in absence of the inducer (/2, /8). 
Moreover, addition of the inducer in the absence 
of ATP led to a conformational change that like- 
ly corresponds to the “intermediate” open state 
proposed for R proteins upon effector recogni- 
tion (0, 12) (Fig. 1). Analogous to the R protein 
I-2 (J0), MalT became constitutively active after 
mutation of its catalytic residue, which abolished 
ATP hydrolysis and locked the protein in its 


To date, it remains unclear how activated R 
proteins trigger defense signaling. STAND pro- 
teins such as Apaf-1 and CED-4 oligomerize and 
form ring-like structures that provide an activa- 
tion platform for signaling components (//). For 
plant R proteins, effector-induced oligomerization 
has been described for only one R protein so far 
(22). Although some R proteins depend on other 
NB-LRR proteins for their function (23, 24), it re- 
mains an open question whether (hetero-) oligo- 
merization is a common feature for R proteins. 
For a number of NB-ARC and NLR proteins, the 
N-terminal domain has been shown to interact 
with downstream signaling partners (25). How- 
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Fig. 1. Model for R-protein activation. In the absence of a pathogen, NB-LRR R proteins reside in an 
autoinhibited, ADP-bound “OFF” state that is stabilized by the LRR domain. Effector-perception by the 
C-terminal part of the LRR domain changes the interface between its N-terminal part and the ARC2 subdomain, 
thereby creating a more open conformation of the R protein that is prone to nucleotide exchange. ADP/ATP 
exchange triggers a second conformational change, altering the interactions between the central NB-ARC, the 
N-terminal TIR/CC and C-terminal LRR domains resulting in the “ON” state. In the activated state, the NB 
subdomain becomes exposed to initiate defense signaling. ATP hydrolysis resets the protein into its ADP-bound 
autoinhibited “OFF” state. The model is a refined version of that presented in (2). 


ATP-bound state (78) (fig. S1). Naturally oc- 
curring mutations of the corresponding putative 
catalytic residue in the NLR proteins NOD2 and 
PYPAF1 (NLRP3) also resulted in constitutive 
activity and, as a consequence, autoinflammation 
(79, 20) (fig. S1). Finally, recent biochemical anal- 
ysis showed that the active, oligomeric conforma- 
tion of Apaf-1 harbors either deoxyadenosine 
triphosphate (dATP) or ATP [for simplicity, both 
are referred to as (d)ATP]. However, it remains to 
be resolved whether the monomeric autoinhibited 
form of Apaf-1 is bound to (d)ADP or to (d)ATP, 
and whether nucleotide-exchange has to be pre- 
ceded by hydrolysis of prebound (d)ATP (/6, 2/). 
Taken together, these data link the “ON” and 
“OFF” state of STAND proteins to an ATP- and 
ADP-bound state, respectively, and support the 
hypothesis that effector recognition induces nu- 
cleotide exchange in R proteins (Fig. 1). 


ever, no such partners have been identified to in- 
teract with the N-terminal domains of R proteins, 
and evidence for a signaling function of this do- 
main remains slim (9). It now seems that the N 
terminus, together with the LRR domain, is ac- 
tually involved in recognition rather than signal- 
ing, as suggested by its interactions with putative 
effector targets or target mimics (8, 9, 26). 

If both the N- and C-terminal domains of R 
proteins are indeed involved in recognition rather 
than signaling, that leaves the NB domain, per- 
haps surprisingly, as a candidate to serve as an 
interaction platform for downstream signaling 
components. The observation that expression of 
only the NB subdomain of the potato R protein 
Rx triggers constitutive defenses in the absence 
of the pathogen lends support to this idea (26). A 
mechanism in which the NB domain itself is 
responsible for downstream signaling would be a 
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unique property of R proteins, not shared with 
other members of the NB-ARC and NLR fam- 
ilies. Direct signaling by the NB domain instead 
would resemble the molecular switch function of 
regulatory guanosine triphosphatases (GTPases) 
of the Ras superfamily (27). In these GTPases, 
different nucleotide-dependent conformations 
of two effector loops within the core nucleotide 
binding fold regulate downstream events. Nu- 
cleotide binding and hydrolysis—and, thereby, 
the activation state of these GTPases—are reg- 
ulated by accessory proteins. It is tempting to 
speculate that in R proteins these functions are 
embedded in its multidomain structure. 

In recent years, nibbling at NB-LRR protein 
function has shed some light on the molecular 
mechanistic basis of their activation and the role 
of nucleotide binding. To gain a deeper under- 
standing of how these proteins regulate plant 
defenses, we now need to investigate their bio- 
chemical properties in more detail and to further 
analyze the dynamics and subcellular localiza- 
tion of NB-LRR signaling complexes in vivo. 
Identification of partners interacting with the NB 
domain should eventually reveal how R proteins 
activate host defenses. Another major challenge 
will be the elucidation of the three-dimensional 
structure of R proteins, preferably in the different 
conformational states, as this is the key for a full 
understanding of the molecular mechanisms un- 
derlying the choice between life and death. 
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PERSPECTIVE 


Plant-Microbe Interactions: Chemical 
Diversity in Plant Defense 


Pawet Bednarek?* and Anne Osbourn?* 


The chemical diversity within the plant kingdom is likely to be a consequence of niche colonization 
and adaptive evolution. Plant-derived natural products have important functions in defense. 
They also have broader ecological roles and may in addition participate in plant growth and 
development. Recent data suggest that some antimicrobial phytochemicals may not serve simply 
as chemical barriers but could also have functions in defense-related signaling processes. It is 
important, therefore, that we should not to be too reductionist in our thinking when endeavoring 
to understand the forces and mechanisms that drive chemical diversification in plants. 


ollectively, plants are a tremendous re- 
( source of structurally diverse metabolites. 
Examples of the structures of some of 
these are shown in Fig. 1. It is widely accepted 
that these compounds have important functions 
in influencing interactions between plants and 
other organisms. Deciphering the chemical signal- 
ing processes that mediate these interactions rep- 
resents a substantial challenge for plant science. 
The importance of synthesis and accumula- 
tion of antimicrobial metabolites for plant de- 
fense has intrigued researchers for the best part of 
a century (/). Antimicrobial compounds can be 
produced as part of normal plant growth and 
development and are usually stored in specialized 
organs or tissues (e.g., trichomes, oil glands, or 
epidermal cell layers). These constitutive or pre- 
formed antimicrobial chemicals are sometimes 
also referred to as phytoanticipins (2). In addition, 
antimicrobial compounds can be synthesized de 
novo in response to microbial attack by transcrip- 
tional activation of genes for biosynthetic pathways. 
Such compounds are known as phytoalexins. 
Our understanding of the role of phytochem- 
icals in plant defense is still incomplete. Knowl- 
edge and interpretation of chemical diversity in 
plants depends very much on the ability to detect, 
analyze, and measure compounds, as well as their 
metabolic precursors and derivatives in plant tis- 
sues. Despite recent progress in the development 
of higher-resolution multidimensional separation/ 
detection systems, many compounds are likely to 
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be present in trace amounts that are below the 
current levels of detection, at least in wild-type 
plants (3). A shortage of reference standards 
makes comprehensive analysis of phytochemi- 
cals in plant extracts even more challenging. Use 
of mutant, RNA interference, and overexpression 
lines in which the expression of genes encoding 
regulatory and biosynthetic components of meta- 
bolic pathways has been altered can greatly 
facilitate both identification of new metabolites 
and pathway discovery (4-6). 

There is evidence to indicate that preformed 
antimicrobial chemicals confer protection against 
disease. For example, oat roots produce an anti- 
microbial triterpene glycoside known as avenacin 
(J). Genetic analysis of a fungal pathogen of oat, 
Gaeumannomyces graminis var. avenae, has 
shown that infection of oat roots depends on 
production of a fungal avenacin hydrolase (/). 
Complementary experiments involving isolation 
and characterization of avenacin-deficient mu- 
tants of diploid oat have provided further evi- 
dence that this compound confers broad-spectrum 
disease resistance (7). Another class of consti- 
tutively produced secondary metabolites is the 
steroidal glycoalkaloids. The tomato steroidal 
glycoalkaloid o-tomatine has long been impli- 
cated in plant defense (/). The ability to degrade 
this compound contributes to the pathogenicity 
of various microbes to tomato (/, 8, 9). Super- 
ficially, these degradation processes represent sim- 
ple detoxification events. However, o-tomatine 
hydrolysis products are able to suppress induced 
plant defenses (0, //). The aglycone of o- 
tomatine, tomatidine, has recently been shown to 
inhibit sterol biosynthesis in yeast (/2). It is not 
yet known whether suppression of induced 
defenses in tomato by steroidal alkaloid hydrol- 


ysis products is due to interference with plant 
sterol metabolism. 

Induced defense responses in plants usually 
involve cell polarization, reorganization of the 
actin cytoskeleton, directed movement of partic- 
ular organelles, targeted secretion, and deposition 
of the glucan polymer callose at the site of path- 
ogen contact (/3). This may also include traf- 
ficking and secretion of antimicrobial compounds 
to the infection site (74). Visualization of delivery 
of vesicles containing red-pigmented flavonoids 
to pathogen challenge sites in sorghum leaves 
provides a clear demonstration of such trafficking 
(75). Recent evidence suggests that glucosino- 
lates, amino acid—derived thioglucosides that are 
commonly synthesized and stored in cells of 
healthy crucifer plants, may also be mobilized to 
pathogen challenge sites (16, 17). Upon tissue 
disruption, glucosinolates are converted to bio- 
logically active compounds by myrosinases 
(plant glycosyl hydrolases). Although best known 
as insect deterrents, glucosinolate breakdown 
products have potent antimicrobial activity (/). 

Research drawing on the extensive array of 
mutants and tools available for the model crucifer 
Arabidopsis thaliana has recently implicated in- 
dole glucosinolates and their breakdown pro- 
ducts (compounds distinct from those considered 
as insect deterrents) in induced broad-spectrum 
disease resistance to microbial challenge (/6, 17). 
Unlike the passive mode of glycoside activation 
proposed for other phytoanticipins, pathogen- 
triggered glucosinolate metabolism is an active 
process involving directed movement and the 
concentration of a hydrolase to the cell periphery 
at fungal penetration sites (78), which likely gen- 
erates high local concentrations of end product(s). 
Of note, the same genetic and metabolic com- 
ponents are required for the extracellular ac- 
cumulation of callose in response to treatment 
with a microbe-associated molecular pattern de- 
rived from bacterial flagellin (16). Localized ac- 
cumulation of glucosinolate metabolism products 
may serve as the signal for this deposition, or 
alternatively may trigger callose deposition di- 
rectly as a consequence of phytotoxicity. Accu- 
mulation of late avenacin pathway intermediates 
in oat roots also results in callose accumulation 
(19), raising the question of whether this is a 
straightforward response to localized accumula- 
tion of a toxic compound or part of a more 
sophisticated defense response. More broadly, 
the contribution of phytoalexins to disease re- 
sistance has been the subject of intensive inves- 
tigation in a range of different plant species [e.g., 
for camalexin in Arabidopsis and pisatin in pea 
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(1, 20, 21)]. These compounds have, in at least 
some cases, been shown to contribute to disease 
resistance, possibly by serving as disinfectants that 
assist in isolating infected cells from healthy tissue. 
Some phytochemicals are known to have 
multiple functions in ecological interactions. For 
example, glucosinolates serve as antimicrobial 
defense compounds and as attractants and repel- 
lents for insects and predators of feeding insects. 
They are also important in determining palatabil- 
ity of brassicas for animals and humans (/, 22). 
These multiple roles present challenges when 
considering how to distil knowledge of the 
biological functions of particular phytochemicals 
into a framework that will enable the importance 
of these chemicals for survival in nature to be 
understood, particularly given temporal and spa- 
tial environmental heterogeneity. 
Phytochemicals can also have functions in 
plant growth and development, for example in 
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auxin transport and in regulation of seed lon- 
gevity and dormancy (/4). Strigolactones, terpe- 
noid lactones produced by many plants, are not 
known to be involved in defense against mi- 
crobes but nevertheless merit attention here be- 
cause they provide an excellent example of the 
multiple roles that phytochemicals can serve. 
Strigolactones stimulate seed germination of para- 
sitic plants such as Striga (23). More recently, they 
have also been implicated as signals for the estab- 
lishment of mycorrhizal symbioses (24, 25), which 
suggests that parasitic plants have learned to eaves- 
drop on a signal that plants normally produce to 
favor the establishment of beneficial interac- 
tions. A further twist to this story is the finding that 
strigolactones serve as plant growth hormones and 
can suppress subapical shoot outgrowth (26, 27). 

Genes functioning in secondary metabolism 
are generally more divergent than those coding 
for proteins involved in primary metabolism. In- 
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Fig. 1. Examples of phytochemicals with roles in plant-microbe interactions. 
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vestigations of chemical diversification in plants 
will therefore benefit from focusing on genes and 
regions of genomes that are divergent when re- 
lated producing and nonproducing species are 
compared, rather than those that are conserved. 
Although genes for most metabolic pathways in 
plants are generally thought to be unclustered, an 
increasing number of operon-like gene clusters 
have been identified that are required for syn- 
thesis of plant defense compounds (5, 28-30). It 
is not clear why genes for some metabolic path- 
ways are clustered and others are not. There may 
be epistatic selection for the maintenance of a 
gene cluster because the pathway end-product 
confers a selective advantage and, in at least 
some cases, because disruption of the pathway 
can lead to the accumulation of toxic intermedi- 
ates (5, 79). Clustering may in addition facilitate 
coordinated regulation at the level of nuclear 
organization/chromatin. It may be that these gene 
clusters, which tend to be in subtelomeric re- 
gions, are of recent origin and have not yet been 
fully integrated into the genome. 

Clustered or not, natural product pathways 
serve as read-outs for adaptive evolution and of- 
fer a means of understanding the mechanisms 
that drive metabolic diversification. Computa- 
tional biology and genomics provide new and 
powerful tools with which to understand the 
molecular basis of complex traits and to integrate 
these with knowledge of the natural products that 
plants produce (3/7, 32). Connecting the catalytic 
landscape of secondary metabolism to fitness 
landscapes of organisms represents a major chal- 
lenge, particularly as it is becoming increasingly 
evident that secondary metabolites are likely to 
have multiple functions both in plant develop- 
ment (in at least some cases) and chemical ecol- 
ogy (33). Real progress will require a shift from 
reductionism to more comprehensive analyses of 
natural and agronomic systems (34), and the 
development of sophisticated ecological and 
evolutionary models that integrate plant metabo- 
lism and biotic interactions. 


References and Notes 
1. J. P. Morrissey, A. E. Osbourn, Microbiol. Mol. Biol. Rev. 
63, 708 (1999). 
2. H. D. VanEtten, J. W. Mansfield, J. A. Bailey, E. E. Farmer, 
Plant Cell 6, 1191 (1994). 
3. J. W. Allwood, D. |. Ellis, R. Goodacre, Physiol. Plant. 
132, 117 (2008). 
4. J. O. Borevitz, Y. Xia, R. A. Dixon, C. Lamb, Plant Cell 12, 
2383 (2000). 
5. B. Field, A. E. Osbourn, Science 320, 543 (2008). 
6. K. Yonekura-Sakakibara et al., Plant Cell 20, 2160 (2008). 
7. K. Papadopoulou, R. E. Melton, M. Leggett, M. J. Daniels, 
A.E. Osbourn, Proc. Natl. Acad. Sci. U.S.A. 96, 12923 (1999). 
8. R. W. Sandrock, H. D. Vanetten, Physiol. Mol. Plant 
Pathol. 58, 159 (2001). 
9. Y. Pareja-Jaime, M. |. G. Roncero, M. C. Ruiz-Roldan, Mol. 
Plant Microbe Interact. 21, 728 (2008). 
10. K. Bouarab, R. Melton, J. Peart, D. Baulcombe, A. Osbourn, 
Nature 418, 889 (2002). 
11. S. Ito et al., FEBS Lett. 571, 31 (2004). 
12. V. Simons et al., Antimicrob. Agents Chemother. 50, 
2732 (2006). 


8 MAY 2009 


747 


748 


Plant-Microbe Interactions 


13. C. Kwon, P. Bednarek, P. Schulze-Lefert, Plant Physiol. 
147, 1575 (2008). 

14. B. Field, F. Jordan, A. Osbourn, New Phytol 172, 193 (2006). 

15. B.A. Snyder, R. L. Nicholson, Science 248, 1637 (1990). 

16. N. K. Clay, A. M. Adio, C. Denoux, G. Jander, 
F. M. Ausubel, Science 323, 95 (2009). 

17. P. Bednarek et al., Science 323, 101 (2009). 

18. V. Lipka et al., Science 310, 1180 (2005). 

19. P. Mylona et al., Plant Cell 20, 201 (2008). 

20. E. Glawischnig, Phytochemistry 68, 401 (2007). 

21. L. A. Hadwiger, Phytopathology 98, 372 (2008). 

22. F. Geu-Flores, C. E. Olsen, B. A. Halkier, Planta 229, 261 
(2009). 

23. H. J. Bouwmeester, C. Roux, J. A. Lopez-Raez, G. Becard, 
Trends Plant Sci. 12, 224 (2007). 

24. K. Akiyama, K. Matsuzaki, H. Hayashi, Nature 435, 824 
(2005). 


25. A. Besserer et al., PLoS Biol. 4, 1239 (2006). 

26. V. Gomez-Roldan et al., Nature 455, 189 (2008). 

27. M. Umehara et al., Nature 455, 195 (2008). 

28. M. Frey et al., Science 277, 696 (1997). 

29. X. Qi et al., Proc. Natl. Acad. Sci. U.S.A. 101, 8233 
(2004). 

30. K. Shimura et al., J. Biol. Chem. 282, 34013 (2007). 

31. J. J. B. Keurentjes et al., Nat. Genet. 38, 842 (2006). 

32. H. C. Rowe, B. G. Hansen, B. A. Halkier, D. J. 
Kliebenstein, Plant Cell 20, 1199 (2008). 

33. P. E. O'Maille et al., Nat. Chem. Biol. 4, 617 (2008). 

34. M. R. Kant, |. T. Baldwin, Curr. Opin. Genet. Dev. 17, 519 
(2007). 

35. The authors acknowledge their sources of funding 
(A.0., Biotechnology and Biological Sciences Research 
Council UK; P.B., Max Planck Chemical Genomics Center) 
and thank their colleagues for helpful discussions in the 


preparation of this article. A.O. has the following patents 
awarded/pending: A.O. and K. Haralampidis (2000), 
Plant gene PCT/GB00/04908 (WO 01/46391); U.S. patent 
awarded 6 March 2007 (US7,186,884,B2); Mexico 25 
July 2008 (259077); Canada pending (2,392,435); 
Australia issued (783739); Europe pending (EP1240312). 
X. Qi and A.O. (2004), Enzymes involved in triterpene 
synthesis (WO/06044508); U.S. pending (11/248,986); 
Canada pending (CA2581099); Australia pending 
(AU5295733); Europe pending (EP18709752). 

A.0., K. Haralampidis, R. Melton, S. Bakht, and 

X. Qi (2006), Root-specific promoters (U.S. patent 
application no. 11/940,638, pending). A. O. and X. Qi 
(2007), Enzymes involved in triterpene synthesis 
(W0/2009/041932, pending). 


10.1126/science.1171661 


PERSPECTIVE 


Terrific Protein Traffic: The Mystery 
of Effector Protein Delivery by 
Filamentous Plant Pathogens 


Ralph Panstruga** and Peter N. Dodds** 


Many biotrophic fungal and oomycete plant pathogens deliver effector proteins directly into 

host cells during infection. Recent advances are revealing the extensive effector repertoires of 
these pathogens and are beginning to shed light on how they manipulate host cells to establish 
a parasitic relationship. Surprisingly, oomycete effectors seem to share a common uptake system 
with those from the human malaria pathogen. The current explosion of information is opening new 
research avenues in molecular plant pathology and is providing new opportunities to limit the 


impact of plant disease on food production. 


new fungal strain causing stem rust dis- 
A= of wheat emerged recently in East 

Africa and is now spreading through the 
Near East, causing worldwide concern (www. 
globalrust.org/) (7). This highly virulent Ug99 
strain of the wheat stem rust fungus Puccinia 
graminis tritici overcomes wheat lines that are 
widely used and have heretofore shown durable 
resistance to fungal infection. Ug99 is already 
well established in Kenya, where it causes 
losses of up to 80% of the wheat in farmers’ 
fields. P. graminis represents a class of destruc- 
tive plant pathogens that share a biotrophic life- 
style; that is, they rely entirely on living host 
tissue for the completion of their life cycle (2). 
Elaborate parasitic relationships allow these bio- 
trophic fungi to feed from their host plants. Dur- 
ing infection, they establish their lifeline through 
the formation of specialized infection structures 
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(haustoria) that penetrate the plant cell wall and 
allow nutrient uptake (Fig. 1). These structures 
are shared with some of the equally destructive 
oomycete pathogens, which resemble fungi but 
are more related to brown algae. For instance, 
the pathogen responsible for the Irish potato 
famine, the oomycete Phytophthora infestans, 
forms haustoria during its initial biotrophic stage 
of infection. 

Plant strains that are able to fend off these 
attacks do so in part by means of molecular rec- 
ognition of proteins (effectors) delivered from 
haustoria into host cells during infection (3). 
However, haustoria are separated from the host 
cells by three distinct physical barriers: the 
pathogen plasma membrane, the cell wall, and 
the extrahaustorial membrane, which is derived 
from the plant plasma membrane but is molec- 
ularly distinct (Fig. 1). Exciting new research is 
now shedding light on the intriguing and as-yet 
unanswered question of how molecules are shuttled 
between the host and the invader. 


Effector Delivery 

Many bacterial pathogens of animals and plants 
possess a syringe-like apparatus, such as the one 
produced by prokaryotic (type III) secretion 


systems, which injects pathogenicity effector pro- 
teins into host cells. Effector proteins from fun- 
gal and oomycete parasites, on the other hand, 
seem to travel by way of the eukaryotic (type ID) 
secretory pathway, which involves exocytosis 
of Golgi-derived secretory vesicles. Most known 
effectors from these parasites harbor a canon- 
ical N-terminal type II secretion signal (2, 47), 
which suffices to get the effectors past the first 
two barriers. However, although some effectors 
function in the extracellular environment, many 
others clearly do actually get into the plant cell 
because they are recognized by intracellular plant 
proteins [the resistance (R) proteins] that are part 
of the plant innate immune system (5, 7—9). Direct 
evidence of the transfer of effector proteins dur- 
ing infection came from the inmunocytological 
detection of a rust effector (/0) and the detection 
of a tagged oomycete effector (//) inside infected 
host cells. 

Many oomycete effectors harbor a bipartite 
amino acid motif [RXLR-(D)EER], located 
downstream of the signal peptide, that is dis- 
pensable for exocytosis but required for plant 
access (//, 12). The RXLR domain is necessary 
and sufficient to mediate entry of effectors or 
reporter proteins into host cells in the absence of 
the oomycete, which indicates that the uptake 
occurs independently of any pathogen-derived 
machinery (/2). The identification of a number 
of plant proteins that also contain the RXLR 
motif, several of them associated with mem- 
brane trafficking (/3), suggests that oomycetes 
may exploit the plant endocytic pathway for 
host cell entry. Some fungal effectors can also 
enter plant cells in the absence of the pathogen, 
although they lack an RXLR domain and do not 
share other conserved peptide motifs (8, /4). 
Indeed, in plant-rust interactions, ultrastructural 
studies have visualized tubular extensions of the 
extrahaustorial membrane with associated bud- 
ding vesicles that reach into the host cell cyto- 
plasm and can form close contact with host 
endoplasmic reticulum and dictyosomes (/5). In 
an alternative scenario, effector uptake could be 
mediated by a parasite-derived protein channel 
(16). The oomycete RXLR sequence motif is 
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reminiscent of a similar domain in effectors of 
the protist Plasmodium falciparum, the malaria 
parasite that invades mammalian erythrocytes (/7). 
The oomycete and Plasmodium delivery motifs 
appear to function interchangeably in either path- 
ogen and in either host, which suggests that they 
target the same host admission route (/8, 19). 
Because oomycetes and Plasmodium are mem- 
bers of the Chromalveolata, this peptide domain 
may have a common origin in these plant and 
animal pathogens, although convergent evolu- 
tion is another possibility. 

Biotroph effectors were initially identified 
based on their function as avirulence proteins 
that are recognized by plant immune receptors 
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alternative trafficking routes, such those current- 
ly known from powdery mildew fungi, which 
lack canonical eukaryotic secretion tags (24). 


Toward Effector Functions 


The next challenge is to understand how these 
effector proteins turn the host cell to their own 
purposes. Although the biocomputational ap- 
proach promises riches of new proteins to work 
with, the sheer number of effector candidates ren- 
ders functional analysis a formidable task. Most 
candidates lack informative homologies other 
than the signal domain. Functional studies are 
hindered by the inaccessible genetics of many of 
these pathogens. Alternate means are thus being 
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Fig. 1. Organization of haustoria and the presumed route of effector delivery. Haustoria emerge from 
extracellular pathogen infection structures (such as spores or hyphae) and enter plant cells through the 
infection peg by invaginating the host plasma membrane. Haustoria are surrounded by the pathogen 
plasmalemma and cell wall as well as the modified host plasma membrane (extrahaustorial membrane). 
These membranes enclose the extrahaustorial matrix, an interface zone that is sealed by the neck band. 
The inset illustrates the delivery of a pathogen effector (red) with an N-terminal secretion tag (purple) 
through the secretory pathway and into the host cell. 


(7, 8). However, with the use of sequence signa- 
tures from the conserved N-terminal secretion 
signal and, for oomycetes, the RXLR motif, a 
more extensive suite of effectors can now be pre- 
dicted from genome and transcriptome analyses 
(1, 20-23). Through these biocomputational 
means, the genomes of several fungal and oomycete 
phytopathogens unexpectedly were found each 
to encode several hundred effector candidates. 
In the case of Phytophthora species, many of 
these probably evolved from a common ancestor 
through rapid duplication and divergence (23). 
Nevertheless, only a few RXLR-type effectors 
are known to be detected by the plant defense 
machinery. However, this biocomputational ap- 
proach may still overlook effectors that engage 


explored for the expression of candidate effector 
proteins inside plant cells or the heterologous 
delivery of effectors. The bacterial type III secre- 
tion system can be engineered to deliver these 
proteins (25), and certain hemibiotrophic phyto- 
pathogens that are more amenable to genetic 
manipulation may be useful transfer vehicles as 
well. Some effectors have been shown to heighten 
pathogen virulence (24, 25) or suppress host im- 
mune responses (25-27). Mutational analysis of 
Ustilago maydis suggests a high degree of re- 
dundancy in effector functions (22), and there 
is also considerable redundancy in oomycete ef- 
fector repertoires, with the suppression of plant 
cell death processes being a common function 
of many effectors (26). The actual biochemical 


SPECIALSECTION 


functions and host targets of identified effec- 
tors also need to be characterized. Protein x-ray 
crystallography has revealed that the structure 
of some bacterial effectors resembles known 
host proteins despite the absence of any sequence 
homology (28). However, the intensive analysis 
of protein crystallography is difficult to scale up 
to encompass whole-genome effector repertoires. 
Bioassays are therefore needed to probe the func- 
tions of numerous effector candidates simultane- 
ously. Conceivable possibilities include the search 
for cellular targets on the basis of protein-protein 
interactions or experimental settings that explore 
the capacity of effectors to interfere with host de- 
fense or cell death. Alternatively, activity-based 
enzyme profiling might be employed to test the 
interference of effectors with host enzyme ac- 
tivities (29). 

Most effectors seem to be specific to indi- 
vidual pathogen species, and even closely re- 
lated pathogens reveal little overlap in their 
effector complements (2/). This probably re- 
flects a very rapid evolution of these proteins, 
which is driven by both the proteins’ need to 
target divergent host proteins and to escape rec- 
ognition by host immune receptors. It will be 
intriguing to learn whether the effector suites 
from different parasites are of similar size and 
targeted to similar biochemical host functions. 
So far, few effectors with nuclear localization 
have been described (/0), although the transcrip- 
tional reprogramming of host cells is a plausible 
effector task. Other effectors localizing to de- 
fined host compartments have not been identi- 
fied yet and possibly await discovery. 

Given that pathogenesis of obligate biotrophs 
is a multistep process that is characterized by a 
series of morphogenetic changes, it seems un- 
likely that all effectors are released simultaneous- 
ly and from the same location into host cells. 
It is rather conceivable that sets of effectors are 
delivered in a coordinated manner as pathogen- 
esis progresses, perhaps first from extracellular 
infection structures and then from haustoria or 
intracellular infection hyphae. It will be inform- 
ative in this respect to find out whether the spa- 
tially linked effector genes in the genome of U. 
maydis (22) are transcriptionally co-regulated. 
Unravelling the spatial and temporal order of 
effector delivery as well as untangling the reg- 
ulatory networks governing this proposed hier- 
archical process will surely be prominent topics 
in future research. 

Although recent experimental efforts have 
mainly been focused on proteinaceous effectors, 
biotrophic pathogens also use nonproteinaceous 
metabolites to manipulate their host’s cells. In 
the phytopathogenic bacterium Pseudomonas 
syringae, the low—molecular-weight compounds 
coronatine (a mimic of the plant defense—-signaling 
molecule jasmonic acid) and syringolin (a protea- 
some inhibitor) help to divert plant defense re- 
sponses. Secondary metabolites may also be 
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revealed as powerful nonproteinaceous effectors 
of fungal and oomycete biotrophs (30). It seems, 
however, that this effector category would be 
even more difficult to analyze than their protein- 
aceous cousins. 


Future Perspectives 


Secreted effectors are emerging as the prime 
weapons of plant parasites and also as targets 
for host recognition and immunity. As such, the 
current focus on pathogen effectors promises to 
reveal fascinating insights into the molecular 
basis of the biotrophic life-style and plant-microbe 
coevolution and probably will lead to innova- 
tive disease-control measures. It will be intrigu- 
ing to learn whether biotroph effectors actively 
divert host metabolism or whether nutrient flow 
to the pathogen is an indirect consequence of 
disarmed host cells. It will also be fascinating to 
compare the effector suites of closely related 
pathogen species to find out whether and how 
effector diversity contributes to host range restric- 
tion and parasite speciation. Molecular finger- 
printing of pathogen isolates on the basis of 
the natural variation in their effector repertoires 
has the potential to serve as a valuable diag- 
nostic tool in epidemiological surveys and will 
shed light on how new pathogen strains, such 
as the wheat stem rust strain Ug99, evolve to 
overcome host resistance. 

Plant resistance genes that recognize effec- 
tors with important and nonredundant virulence 
functions are more likely to prove durable in 
the field because this will constrain the evolu- 


tion of the pathogen. New resistance genes may 
be found in wild relatives of crop plants, a strat- 
egy that has already proven successful in de- 
fending against the Irish potato famine pathogen 
P. infestans (31). 

Several biotechnological resistance strategies 
can now be envisaged, including the blocking 
of the effector delivery mechanism, the modify- 
ing of host targets in order to elude effector func- 
tion, and the rational design of synthetic plant 
immune receptors in order to detect as-yet unrec- 
ognized parasite effectors. The pathogens’ effec- 
tors may be the source of their own undoing if 
research into their biochemical activity generates 
tools to selectively manipulate plant cellular func- 
tions. The current devastating impact of Ug99 
stem rust on wheat production in Africa high- 
lights the critical importance of developing durable 
and effective strategies to protect agricultural pro- 
duction from disease threats. 
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PERSPECTIVE 


Hormone (Dis)harmony Moulds 
Plant Health and Disease 


Murray R. Grant? and Jonathan D. G. Jones”* 


Diseased plants often display phenotypes consistent with hormone perturbations. We review recent 
data that have revealed roles in plant-microbe interactions for cellular components and signaling 
molecules that previously were associated only with hormone signaling. A better understanding 
of cross-talk between hormonal and defense signaling pathways should reveal new potential 
targets for microbial effectors that attenuate host resistance mechanisms. 


of symptoms that indicate hormonal dis- 
orders, from galls and cankers of trees and 
shrubs, to “foolish seedling” disease of rice, and to 
premature senescence (or its converse, “green 
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islands’) in many plants (Fig. 1). These hormonal 
aspects of pathogenesis were relatively neglected 
until recently, with the spotlight more on gene- 
specific interactions between host and pathogen. 
Integrated models now include activation of defense 
by pathogen-associated molecular patterns 
(PAMPs), suppression of defense by effectors, 
and recognition of particular effectors by specific 
resistance proteins (/, 2). Recent work is now re- 
vealing how pathogens enhance host susceptibility 
by manipulation of hormone signaling, and how 


hosts attenuate this manipulation. Here we assess 
current knowledge of hormonal signaling in plant- 
microbe interactions and highlight areas for future 
scrutiny, with a particular focus on the hormones 
jasmonate (JA), auxin, abscisic acid (ABA), and 
gibberellin (GA). 


Antagonism of Salicyclic Acid Signaling 
as a Key Pathogen Virulence Mechanism 


Salicylic acid (SA) and JA are signaling molecules 
in plant defense against biotrophic and necro- 
trophic pathogens, respectively (3). JA alone acti- 
vates responses to wounding and herbivory, but 
in the presence of ethylene (Et), it activates de- 
fense against necrotrophs. JA signaling and SA 
signaling can compromise one another (4, 5). The 
result is that plant tissues usually can activate 
either SA or JA signaling, but not both. 

Because the balance between JA and SA can 
determine whether the plant succumbs to infec- 
tion, selection favors pathogens that can influence 
this balance in their favor. Pathogen modula- 
tion of other hormones, whether at the level of 
biosynthesis, bioactivity, or signaling, might also 
influence this balance. We propose that successful 
defense likely requires that the plant attenuate any 
microbe-induced hormonal perturbations. 
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Although the SA receptor remains elusive, 
the mechanism of JA, auxin, and GA signaling 
via targeted proteasome-mediated degradation 
through their respective Skp1-cullin-F box pro- 
tein (SCF) E3 ubiquitin ligase complexes (6) is 
now better understood. 

Jasmonates. Multiple JA derivatives exist, 
though knowledge of their bioactivity remains scarce. 
Many, but not all, jasmonate responses are me- 
diated through the activity of the SCF©" E3 li- 
gase complex containing the coronatine-insensitive 
1 (CON) F-box protein (7). SCF" degrades a 
class of jasmonate signaling repressor (JAZ) pro- 
teins in the presence of jasmonoyl-L-isoleucine 
(JA-Ile) (8, 9). Many strains of the phytopathogenic 
bacterium Pseudomonas syringae (Pst) make 
coronatine (COR), a JA-Ile mimic. Activation of JA 
signaling by COR suppresses SA signaling, thus 
enhancing host susceptibility 
(0). COR binds with high 
affinity to a JAZ/SCF©"' com- 
plex, promoting degradation of 
JAZ proteins and thus provid- 
ing a mechanistic link between 
COR action and virulence (//). 
The 12 Arabidopsis JAZ pro- 
teins form homo- and _hetero- 
dimers, creating combinatorial 
diversity that could fine-tune re- 
sponses during JA signaling (/2). 
Additional receptors likely exist 
for JA relatives and other oxy- 
lipin signals because the JA-Ile— 
forming JAR1 mutant (/3) fails 
to recapitulate all coi] pheno- 
types and JA application induces 
coil-independent JA responses 
(14, 15). 

Auxin. Auxin promotes vir- 
ulence during biotrophic inter- 
actions (/6—/8). During defense 
triggered by flg22 (a peptide de- 
rived from the bacterial PAMP 
flagellin), mRNA expression 
of many auxin-signaling related 
genes is suppressed by the 
microRNA (miR393) that tar- 
gets the auxin receptor F-box 
protein TIR1 and its paralogs 
AFB2 and AFB3. Plants that 
overexpress miR393 are more 
resistant to Pst, whereas plants 
that overexpress AFB1 (which 
is less sensitive to miR393 due 
to a nucleotide substitution) are 
more sensitive (17). PAMPs trig- 
ger SA accumulation (/9), and SA can counteract 
auxin-induced virulence through generalized re- 
pression of auxin-related genes (including 7IR/), 
which in tum stabilizes transcriptional repressors 
such as AXR2, thus inhibiting auxin responses (/8). 

GA. GA activates the SCFS'Y 9"? complex 
to initiate degradation of the DELLA family of 


GRAS transcriptional repressors. A loss-of-function 
mutant lacking four of the five Arabidopsis DELLA- 
encoding genes exhibits enhanced resistance to 
Pst and, conversely, hypersusceptibility to the 
necrotrophic fungal pathogen Alternaria bras- 
sicicola. Infection by Pst results in elevated induc- 
tion of the SA signaling marker PR/ and reduced 
and delayed expression of the JA/Et-induced 
PDFI.2 gene (20). DELLAs may potentiate JA 
signaling, suggesting that the rice “foolish seed- 
ling” disease pathogen Gibberella fiujikoroi makes 
GA to eliminate DELLAs and compromise JA- 
mediated defense. Stress-induced DELLA accumu- 
lation increases the expression of genes encoding 
reactive oxygen species (ROS)-detoxification en- 
zymes, thus reducing ROS levels (2/7). ROS may 
potentiate SA signaling, suggesting a mechanism 
whereby GA acts synergistically with SA by 


Fig. 1. Examples of plant growth distortions likely associated with disease-induced 
hormone perturbations. (A) Rust (Atelocauda digitata) on Acacia koa leaf, Hawaii. (B) 
Wheat infected with leaf rust (Puccinia striiformis) showing “green islands” in some 
interactions. (C) Wool sower gall maker (Callirhytis seminator) on oak. (D) Crown gall 
caused by Agrobacterium tumefaciens. (E) Witches broom in silver birch caused by 
Taphrina sp. (F) Gymnosporangium cornutum rust on European mountain-ash. 


removing DELLAs, allowing more ROS accu- 
mulation because of reduced levels of ROS 
detoxification enzymes. 

ABA. ABA influences many plant-pathogen 
interactions depending on pathogen life-style; 
Arabidopsis ABA-deficient mutants are hyper- 
sensitive to the oomycete Pythium irregulare (22) 
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and fungus Leptosphaeria maculans (23) but more 
resistant to Botrytis cinerea (24). ABA positively 
regulates defense to Pst through regulation of pre- 
invasive stomata-based responses (25). However, 
at later stages, bacterial effectors activate ABA 
biosynthesis to overcome plant basal defenses 
(26). Botrytis and Cercospora species can them- 
selves make ABA (27, 28). Because these path- 
ogens are generally thought of as necrotrophs, this 
suggests a role for ABA during an early biotrophic 
phase before the pathogens switch to necrotrophy. 
ABA (and also methyl JA) can suppress callose 
deposition in response to flg22 (26, 29). 


A Central Role for DELLA Proteins? 


An unexpected interaction between ABA, Et, and 
DELLA proteins has emerged. Both ABA and Et 
stabilize DELLA proteins (30, 37), which could 
potentiate JA signaling and at- 
tenuate SA signaling. Conceiv- 
ably, Et switches JA. signaling 
from wound responses to defense 
through its effect on DELLA sta- 
bility. If DELLAs promote ROS 
detoxification and ABA stabi- 
lizes DELLAs, then ABA may 
promote susceptibility by reduc- 
ing ROS levels, attenuating SA 
signaling. Auxin also promotes 
Et biosynthesis, and the result- 
ing Et could stabilize DELLA 
proteins, thus promoting JA/Et sig- 
naling and attenuating SA signal- 
ing (32, 33). DELLA proteins up- 
regulate expression of XERICO, a 
putative E3 ligase that promotes 
ABA accumulation (34), thus 
establishing a potential positive- 
feedback loop to maintain ABA 
concentrations and ROS detox- 
ification. ABA may also act at 
another node in the signaling net- 
work that promotes virulence. 
Pst infection of the aao3 mu- 
tant, which lacks the pathogen- 
inducible Arabidopsis aldehyde 
oxidase 3, leads to rapid accu- 
mulation of SA in the early stages 
of infection and failure to sup- 
press PAMP-inducible genes (35). 
Notably, salt stress stabilizes 
DELLAs (36), and salt stress or 
exogenous ABA application sup- 
presses chemically induced sys- 
temic immunity in Arabidopsis 
(37). In Fig. 2, we propose a mod- 
el whereby DELLA proteins fine-tune the defenses 
mounted through the JA, Et, or SA pathways. 


Multiple Mechanisms of Control 

In addition to these complicated signaling path- 
ways, new insight is needed into other ways in 
which hormone and pathogen signaling intersect. 
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The role of conjugation. The Arabidopsis GH3 
family of adenylate-forming enzymes, which in- 
cludes JAR1, can adenylate a variety of plant 
hormones including JA, auxins, and SA (38). 
Inactivation of auxin via specific GH3s in Arabi- 
dopsis (39) or rice (40) conferred enhanced 
defense responses. However, GH3 variants also 
affect SA signaling (47, 42) or, in the case of 
GH3.5, both SA and auxin (39). PBS3, a GH3, 
acts not on SA but rather on 4-substituted ben- 
zoates, perhaps by priming or inducing SA bio- 
synthesis (43). JAR1 conjugates isoleucine to JA, 
making active JA-Ile. Thus, GH3s can both acti- 
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(47), indicating the importance of signaling be- 
tween chloroplast and nucleus to modulate hor- 
monal responses to pathogens. 

The necessity for detailed temporal analysis. 
Exogenous hormone application reveals hor- 
monal cross-talk on a gross scale but seldom 
mimics the temporal and spatial deployment of 
endogenous phytohormones. Exogenously applied 
ABA does not exert the same physiological ef- 
fects as endogenous ABA (48). Pretreatment with 
GA enhanced susceptibility to Pst, suggesting GA 
may affect signaling of other hormones via de- 
stabilization of DELLAs (20). Similarly, when 
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Fig. 2. Possible interactions between hormone signaling pathways are shown. JA/Et and SA 
signaling mutually interfere with each other. ABA and Et could strengthen JA/Et signaling and 
attenuate SA signaling via DELLA stabilization. Because auxin promotes Et biosynthesis, it might 
also interfere with SA signaling via DELLA stabilization. DELLAs increase expression of ROS 
detoxification mechanisms, attenuating redox stress and thus conceivably attenuating SA signaling. 


vate and attenuate plant defense responses. SA 
can be conjugated to glucose and sequestered in 
the vacuole. The role of such conjugations in 
regulating signaling pathways is still not fully 
defined. 

Regulation of de novo synthesis. We need 
more knowledge of hormone biosynthesis during 
the infection response. Although plant-pathogen 
interactions are usually studied in the leaf; many 
analyses of hormone biology are conducted on 
roots or seedlings, and the results might not be 
relevant to leaf processes. JA signaling can be 
modulated by SA that comes either from de novo 
synthesis or from large pools of glycosylated SA. 
Knowledge of how SA biosynthesis is regulated, 
in particular the signaling mechanism that acti- 
vates isochorismate synthase (ICS1) (44), is still 
required. 

Precursors for JA, SA, ABA, and GA are 
made in the chloroplast, then exported to the 
cytosol for the final synthetic steps. Infection 
with virulent Pst suppresses a range of nuclear- 
encoded chloroplast-associated genes (45, 46), 
though in contrast, stress-associated transcripts 
encoding components of ABA biosynthesis are 
up-regulated (46). Some bacterial type III effec- 
tors act in the chloroplast to suppress defense 


using mutants compromised in hormone biosyn- 
thesis or signaling, it is important to distinguish 
direct effects of a pathogen or defense modula- 
tion of specific hormones, from indirect effects 
arising from modification of the endogenous 
phytohormone balance. 

We need studies that examine hormonal dy- 
namics in detail through the course of an in- 
fection. Hormone endpoint measurements are 
inadequate. Microarray experiments on various 
pathogen infections over various time courses 
often suggest the involvement of hormone sig- 
naling, and temporally separated transient in- 
creases in hormone concentrations are likely 
to play an important role in configuring plant 
responses to microbial infection (49, 50). Chal- 
lenges and opportunities remain in exploring the 
mechanisms underpinning the complex interac- 
tions between hormones and defense in whole 
plants. 
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PERSPECTIVE 


Reprogramming Plant Cells 


for Endosymbiosis 


Giles E. D. Oldroyd,* Maria J. Harrison,?* Uta Paszkowski> 


The establishment of arbuscular mycorrhizal (AM) symbioses, formed by most flowering 

plants in association with glomeromycotan fungi, and the root-nodule (RN) symbiosis, formed 
by legume plants and rhizobial bacteria, requires an ongoing molecular dialogue that 

underpins the reprogramming of root cells for compatibility. In both endosymbioses, there are 
distinct phases to the interaction, including a presymbiotic anticipation phase and, subsequently, 
an intraradical accommodation of the microsymbiont. Maintenance of the endosymbiosis then 
depends on reciprocal nutrient exchange with the microsymbiont-obtaining plant photosynthates 
in exchange for mineral nutrients: enhanced phosphate and nitrogen uptake from AM fungi and 
fixed nitrogen from rhizobia. Despite the taxonomically distinct groups of symbionts, 
commonalities are observed in the signaling components and the modulation of host cell 
responses in both AM and RN symbioses, reflecting common mechanisms for plant cell 


reprogramming during endosymbiosis. 


corrhizal (AM) or root-nodule (RN) endo- 
symbiosis starts with a chemical signal 
exchange between root and microsymbiont, prim- 
ing both partners for the subsequent association 
(Fig. 1). Plant root exudates contain biological 
molecules, including flavonoids and strigolac- 
tones, that are perceived by rhizobial bacteria 
[reference S1 in the supporting online material] 
and AM fungi (references S2 and S3), respec- 
tively. In RN symbiosis, flavonoids from the 
plant root activate the NodD transcription factor, 
which results in the bacteria producing lipochito- 
oligosaccharide Nod factors (reference $4). Nod 
factors, in turn, are perceived by the plant and 
induce the development of root nodules, special- 
ized organs required for accommodation of the 
rhizobia. Strigolactones stimulate AM fungi to 
switch from asymbiotic to presymbiotic growth, 
which is marked by induced hyphal branching 
(reference $2) and elevated energy metabolism 
(J). A hypothesized diffusible compound (called 
Myc factor) of unknown chemical structure that 
activates gene expression changes in the plant 
(reference S5) is also elicited from AM fungi. 
Nod factors are recognized by receptor-like 
kinases that contain sugar binding LysM domains 
(2) (references S6 to S8). Analogous AM-specific 
receptors most likely also exist (reference $9). 
When Nod and Myc factors are perceived, they 
induce calcium oscillations in the plant associated 
with the nucleus, and these oscillations act as a 
secondary messenger linking Nod-factor percep- 


T=: establishment of either arbuscular my- 
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tion at the plaama membrane to gene expression 
changes in the nucleus. The genetic components 
required for Nod- and Myc-factor—induced signal- 
ing are conserved and commonly referred to as the 
symbiotic (Sym) pathway (3) (reference S10). This 
pathway contains a receptor-like kinase, nuclear 
pore proteins, and nuclear-localized potassium 
channels required for the induction of the calcium 
oscillations (4, 5). Results from diverse Angiosperms 
suggest that recognition of the calcium oscillations 
requires a calcium/calmodulin-dependent protein 
kinase (CaMK) and has been associated with a 
protein of unknown function (Cyclops) (5, 6). Once 
ongoing oscillations are recognized by the plant, 
Nod-factor-specific transcriptional regulators 
are required, including a complex of two GRAS 
proteins and ERF transcription factors that di- 
rectly associate with the promoters of Nod-factor— 
inducible genes (7, 8). Despite the fact that the 
mechanisms of signaling are the same for different 
symbionts, specific Nod- or Myc-factor recogni- 
tion is maintained. This may be through unequal 
calcium oscillations with differing structures in- 
duced, respectively, by Nod and Myc factors (3). 
Thus, we hypothesize that CaMK may be differ- 
entially activated in response to Nod and Myc fac- 
tors and subsequently may drive the signal toward 
the differential induction of rhizobial (and AM)— 
specific transcription factors. 

Considering that AM interactions evolved 
over 300 million years before the hypothesized 
origin of rhizobial associations (references S11 
and S12), it seems likely that the RN symbiosis 
originated with the use of a preexisting signaling 
pathway. Components of the Sym pathway in rice 
are conserved for AM symbiosis (6, 9, /0) (ref- 
erence S13). Gene expression analyses in Lotus 
japonicus show additional common Sym path- 
way signaling events independent of the seven 
defined genetic components of the common Sym 
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pathway (reference S14). Likewise, AM-specific 
signaling pathways that either operate in parallel 
or diverge from the common Sym pathway were 
observed in rice (/0). Therefore, signaling net- 
works involved in root endosymbiosis may be 
multifaceted and, in scale, reminiscent of complex 
signaling that occurs during plant defense (ref- 
erence S15). Components of the Sym pathway 
have also been recruited in Causarina glauca (a 
nodulating species outside the legumes, in the so 
called actinorhizal group) to recognize nitrogen 
fixing Frankia bacteria (17, 12) and in Lotus 
japonicus to recognize a diffusible signal from 
parasitic nematodes (reference S16), suggesting 
that the recognition machinery of signals is pro- 
miscuous and has originated in multiple taxonom- 
ically different organisms. This, in tum, suggests 
that mutualism and parasitism represent ends of 
an uninterrupted continuum. 

Conservation in the AM and RN symbioses 
extends beyond early signaling and includes com- 
mon cellular structures associated with intracel- 
lular microbial colonization. The rhizobial invasion 
of root cells requires Nod-factor and rhizobial 
surface polysaccharides that act as signals, induc- 
ing an invagination of the plant cell membrane to 
create a tube-like infection thread (IT) that delivers 
rhizobia to the inner root tissue (reference S17). 
Cortical cells in front of the growing IT form 
specific cytoplasmic alterations, known as pre- 
infection threads (PiT), and these predict the path 
of the IT (reference S18). An analogous process 
has been observed during AM symbiosis. AM 
fungal infection is initiated with the formation of 
a swollen hyphal infection structure (hyphopo- 
dium) on the root surface and is accompanied by 
the assembly ofa pre-penetration apparatus (PPA) 
in the underlying cell. The PPA is an intracellular 
structure composed of endoplasmic reticulum and 
cytoskeletal material that outlines the route for 
the subsequent hyphal growth across the cell 
lumen (reference S19). The development of PiTs 
and PPAs indicates that the plant cell is actively 
preparing for invasion by microsymbionts. This 
preparation is believed to be restricted to symbiosis, 
because analogous structures have not been ob- 
served during the compatible interaction of Mz. 
truncatula with a pathogenic fungus or upon 
mechanical stimulation of cells (73). 

After entry into the root, the microbial sym- 
bionts establish specialized biotrophic interfaces 
for nutrient exchange with their plant hosts. 
Rhizobial bacteria are accommodated in special- 
ized structures, known as nodules, that require 
the plant hormones auxin and cytokinin for their 
development (references $20 to S22). Although 
most rhizobia activate legume cell reprogram- 
ming through the release of Nod factors, some 
species of rhizobia are capable of inducing nodule 
formation without producing Nod factor (reference 
S23). Genetic studies suggest that these rhizobia 
may use cytokinins to induce nodulation in their 
host plant. The same rhizobial strain is a natural 
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endophyte of wetland wild rice (Oryza breviligu- 
lata), and it markedly increases shoot biomass and 
grain yield, possibly owing to the bacterial nitrogen 
fixing capacity (reference S24) and demonstrating 
the benefits to the plant of such associations. Inside 
root nodule cells, bacteria are released from the IT 
into membrane-bound compartments, symbiosomes, 
where nutrient exchange with the host cell occurs. 
The bacteria then differentiate into nitrogen-fixing 
bacteroids, a process that may be actively con- 
trolled by the plant. Appropriate nutrient exchange 
is required to ensure a sustained interaction: If 
rhizobia unable to fix nitrogen are present, their 
nodules developmentally arrest prematurely and 
rapidly senesce (reference S25), suggesting that the 
plant can measure nitrogen levels released from 
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the bacteria. This measurement by the host plant 
may function via amino acid cycling between the 
plant and bacterial cells (reference S26). 

In AM symbiosis, the fungus colonizes the root 
cortex and develops extensively branched hyphae 
(arbuscules) within the inner cortical cells. As each 
arbuscule develops, the plant cell envelops it in the 
peri-arbuscular membrane (PAM). Phosphate (P;) 
transport proteins essential for symbiotic P; transfer 
to the plant cell reside within the PAM (/4) (refer- 
ence $27), and in solanaceous species, lysophos- 
phatidylcholine induces their expression (reference 
S28). P; transporter mutants showed that symbiotic 
P; transport is essential for maintenance of the 
arbuscule and, subsequently, symbiosis (references 
S29 and S30). Whereas the underlying mecha- 


Reprogrammed root cell for symbiosis 


Rhizobia 
AM fungi 


N tors 
Myc-factors 


oot hair #” 
deformation Y 


.  Rhizobial 
* perception 
Nuclear porins : : 
Cation channels 


CCAMK/CYCLOPS 


“ax Cytokinin/Auxin 
signaling 


\/ 
Nodule _ 
organogenesis 


Fig. 1. Signal exchange during symbiosis. (A) An asymbiotic cell consitutively releases root exudates, 
including strigolactones. The root cell monitors the concentration of minerals and microbial organisms in the 
soil and transduces the respective signals. Integration of the signals occurs at the cellular and organismic 
levels and includes cell-to-cell communication. (B) A root-hair cell primed for interaction with rhizobia or AM 
fungi, respectively. Plant roots release flavanoids and strigolactones that prime the rhizobia and AM fungi. 
Nod and Myc factors act as signals from the symbionts to plant root cells that activate calcium spiking via the 
Sym pathway (boxed). The potential differential activation of CaMK/Cyclops leads to differential induction of 
nodulation-specific transcription factors (NSP1, NSP2, and ERN) and unknown mycorrhizal-specific 
transcription factors. Rhizobial and mycorrhizal infection require the common Sym pathway but also 
exhibit recognition and signaling independent of this pathway. The path for fungal infection and the IT is 
predicted by the PiT and the PPA, respectively, indicating directed signaling to neighboring cells. Nodule 
organogenesis is induced in inner cortical cells after Nod-factor perception by epidermal cells. This requires 
cytokinin signaling and is associated with changes in auxin levels. 


nisms remain to be determined, P; may signal the 
establishment of cellular conditions to support the 
arbuscule. The coupling of symbiotic P; transfer to 
maintenance of the arbuscule may provide a func- 
tional checkpoint in AM symbiosis. 

In contrast to plant/symbiont interactions 
where it appears that the plant controls the inter- 
action, in plant/pathogen interactions the invad- 
ing microbe releases effectors that control plant 
cell function. Some rhizobia contain type III and 
type IV secretion systems that deliver effectors 
that can define host range into the plant cell (/5) 
(reference $31). However, some rhizobial species 
lack the mechanisms for delivering effectors (/6), 
indicating that effector release is not essential for 
symbiosis. The plant derived reprogramming for 
compatibility that follows recognition of symbiont 
signals most likely explains the observed suppres- 
sion of plant defenses during symbioses (/7) (ref- 
erence $32). Here, compatibility between plants 
and microbes is guided by sustained plant/microbe 
communication. The symbioses are carefully moni- 
tored by the plant, and symbionts that fail to pro- 
vide benefit to the plant (in the form of nutrients) 
are not maintained. In this regard, the plant repre- 
sents the dominant partner in this interaction, in 
marked contrast to pathogenic interactions where 
the pathogen engineers the plant response. How- 
ever, this polar view of symbiosis and pathogenesis 
is likely to be an oversimplification, and the bound- 
aries between symbiosis and pathogenesis are prob- 
ably more fluent than is currently apparent. 
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PERSPECTIVE 


Coevolution of Plants and Their 
Pathogens in Natural Habitats 


Jeremy J. Burdon* and Peter H. Thrall 


Understanding of plant-pathogen coevolution in natural systems continues to develop as new 
theories at the population and species level are increasingly informed by studies unraveling the 
molecular basis of interactions between individual plants and their pathogens. The next challenge 
lies in further integration of these approaches to develop a comprehensive picture of how life 
history traits of both players interact with the environment to shape evolutionary trajectories. 


dvances in understanding host-pathogen 
Aceon interactions requires in- 

tegrating knowledge of the molecular basis 
of host resistance and pathogen virulence with 
studies of how polymorphism in genes control- 
ling these characteristics affects disease in nature. 
This must be coupled with quantification of the 
roles of life history and environmental heteroge- 
neity in the maintenance of such polymorphisms 
(1). Aspects of this broad challenge have been 
articulated in recent years (2, 3), but major em- 
pirical and theoretical gaps remain. These include 
the impact of sexual recombination and short-term 
selection on variability in avirulence (Avr) gene 
sequences and pathogen virulence phenotypes, 
how sequence divergence and specific amino acid 
differences in Avr or resistance (R) proteins affect 
host recognition, and the extent to which popula- 
tion and regional variation in host resistance in- 
fluences the maintenance of pathogen population 
diversity. Answers to these questions may also help 
to resolve ongoing debate regarding the role of 
coevolutionary arms races versus balancing selec- 
tion in shaping patterns of polymorphism in host 
resistance and pathogen virulence (4). 

Here, we briefly highlight recent studies of 
wild plant-pathogen associations and illustrate their 
value as model coevolutionary systems. Notably, 
at a molecular level, plant defense systems have 
similarity to mammalian innate cellular immunity 
and utilize analogous components to recognize 
pathogen-derived signals and to induce defense 
responses (5—7). The evolutionary commonalities 
of animal and plant disease, as well as the scientific 
promise of this conceptual realization, have been 
previously highlighted (8, 9). These character- 
istics, combined with the lack of ethical issues that 
constrain experimental manipulations in animal 
populations, make plant-based systems powerful 
models for quantifying the epidemiological im- 
pacts of genetic variation in host disease resistance. 
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Plant pathogens are ubiquitous—their demo- 
graphic impacts are well recognized in agriculture 
and acknowledged in natural communities through 
the effects of iconic invasive diseases (e.g., sudden 
oak death or Phytophthora die-back). However, the 
epidemiology of wild plant—pathogen interactions 
is significantly understudied relative to the dynam- 
ics of infectious disease in animal and human pop- 
ulations. Perhaps more critically, in both plant and 
animal systems, direct investigation of causal links 
between population genetic structure and disease 
dynamics has received scant attention, although 
studies involving agricultural pathogens provide 
insight into how disease pressure and host diver- 
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Pathogen < host 
(e.g., soil-borne diseases) 


Pathogen = host 
(e.g., vector-borne smuts) 


SPECIALSECTION 


sity may interact to determine rates of pathogen 
evolution (/0, 11). The lack of empirical evi- 
dence is surprising, given the potential for genetic 
variation to affect not only disease dynamics and 
prevalence, but also when or where new diseases 
emerge. Characterization of ecological and evo- 
lutionary processes at spatiotemporal scales, 
ranging from genes to populations to species, is 
critical in this context. 

Coevolutionary biology has advanced beyond 
ecological and population genetics approaches 
that, on one hand, assumed detailed investiga- 
tion of single populations could provide sur- 
rogate assessments for all populations and, on 
the other, that deterministic global models were 
adequate representations of real-world host- 
pathogen associations. The formal develop- 
ment of metapopulation theory (J2, /3) and 
the geographic mosaic theory of coevolution 
(14) has given added impetus to the articula- 
tion of a new paradigm arising from the idea 
that understanding the forces driving coevo- 
lutionary trajectories requires accounting for 
both within- and among-population processes 
in space and time. In keeping with this per- 
spective, spatial structure is increasingly viewed 
as integral to empirical studies of natural plant- 
pathogen interactions (/5, /6). 

Simulation models further illustrate the impor- 
tance of integrating studies across multiple, inter- 


Pathogen > host 
(e.g., aerially dispersed rusts) 


Fig. 1. (A) Examples of different host and pathogen dispersal strategies [redrawn from (32)] that determine 
spatial interactions (dashed and solid lines represent the relative scale of host and pathogen movement, 
respectively). (B) Specific host-pathogen associations that fit these dispersal scenarios while simultaneously 
representing pathogens that (left to right): kill hosts outright (Rhizoctonia on Triticum aestivum), castrate hosts 
(Anthracoidea fischeri on Carex mackenziei), and debilitate hosts (Puccinia striformiis on Triticum aestivum). 
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connected populations and undermine many premises 
underlying earlier thinking (e.g., the assumption 
of fitness costs associated with resistance) (/7). 
Although empirical studies are limited, available 
evidence is consistent with the idea that evolution- 
ary trajectories of natural host-pathogen systems do 
not reflect the dynamics of ephemeral local pop- 
ulations, where the evolutionary consequences of 
random drift, extinction, and recolonization are 
magnified and where selection can favor distinct 
resistance and virulence patterns even in adjacent 
populations (/8). Indeed, environmental differences 
may create local variation in pathogen severity and 
lead to hot and cold spots (/4) of selection pres- 
sure. Intriguingly, recent evidence that infection 
may stimulate host recombination rates in subse- 
quent generations suggests a mechanism where- 
by disease-prone populations may respond more 
rapidly than otherwise possible (19, 20). 

A major unanswered question regarding the 
evolution of wild plant—-pathogen associations is 
the extent to which resistance and virulence depend 
on specific interactions between single genes (qual- 
itative resistance) versus those in which resistance is 
determined by many genes, individually of minor 
effect (quantitative resistance). Although in reality, 
most host-pathogen systems involve genes of both 
major and minor effect, the conceptual distinction 
between these has provided a powerful stimulus to 
theoretical models of host-pathogen interactions 
(21, 22). Whether qualitative or quantitative resist- 
ance is more likely to provide hosts with the greatest 
selective advantages against disease organisms over 
time is unknown—does resistance confer high short- 
term fitness but a high probability of ultimate fail- 
ure (gene-for-gene), or are fitness impacts more 
constantly present but largely restricted in magni- 
tude? Resolution of this question depends on un- 
derstanding the interaction between host and 
pathogen life history characters that affect repro- 
duction, survival, and dispersal and how they are 
mediated by environmental factors. 

More generally, the role of life history (e.g., 
reproductive system, host range, and pathogen- 
dispersal mechanisms) in influencing the timing, 
severity, and selective impact of disease has received 
little concerted focus in natural plant-pathogen in- 
teractions, despite demonstration that comparative 
analysis of such data can provide valuable insights 
into the evolution of animal-parasite systems (23) 
and a means of assessing the durability of resistance 
in crops (i.e., following commercial adoption of a 
resistant cultivar, the period of time before the 
evolution of new pathotypes that can parasitize 
the resistant cultivar) (24). In plant-pathogen asso- 
ciations, even characters as simple as mode of 
pathogen impact or dispersal distance suggest a 
rich repertoire of possible interactions. Thus, path- 
ogen dispersal envelopes may be substantially smaller 
than, may equate with, or may exceed that of their 
host (Fig. 1). Variation in such traits is likely to result 
in different evolutionary trajectories as direct effects 
on contact patterns and disease incidence lead to 


longer-term impacts on the maintenance of genetic 
variation (25) and pattems of local adaptation (26). 

Environmental variation generates further 
complexity in life-history interactions. Heuristic 
models suggest that particular combinations of 
environmental conditions impose a series of selec- 
tive sieves, the nature and intensity of which may 
be determined by specific plant and pathogen life- 
history features (27). For example, harsh environ- 
ments that promote plant survival via seed or 
dormant rootstock impose selective pressure on 
foliar pathogens, the intensity of which depends 
on particular traits. Pathogens that can survive 
saprophytically or have specialized resting stages 
or have refugia on other hosts are subject to much 
smaller population fluctuations than those without 
such adaptations. These contrasting situations may 
generate marked differences in the relative impor- 
tance of drift, migration, extinction, and recoloniza- 
tion and thus may promote distinctly different 
evolutionary trajectories. To understand the evo- 
lutionary drivers of resistance and virulence, we 
therefore need a theoretical framework for in- 
vestigating the interplay between physical envi- 
ronment and host and pathogen life histories. 

In summary, progress in understanding host- 
pathogen evolutionary dynamics in nature needs 
characterization of processes occurring at many 
spatiotemporal scales, including genes and cells, 
within host individuals, and within and among 
host and pathogen populations. To achieve this 
requires integration of molecular approaches cur- 
rently being focused on agricultural pathogens, with 
population- and species-level studies. For exam- 
ple, cloning and sequencing of specific Avr genes 
in Melampsora lini found evidence for func- 
tional changes in the coding regions of targeted 
Avr genes that occurred almost exclusively via 
nonsynonymous mutations (28). These observa- 
tions provide strong independent evidence for 
the operation of selection on these genes. These 
results, coupled with population-level studies of 
Linum marginale resistance structure, are gen- 
erating a picture of the evolutionary dynamics 
of selection on specific Avr genes. 

Insights provided by the Linum system will be 
greatly strengthened by application of approaches 
developed to investigate interactions between 
Arabidopsis and its pathogens, where, for exam- 
ple, molecular studies have demonstrated signifi- 
cant resistance costs (29). However, the need now 
is to place this work into a real-world ecological 
genetics context involving studies of interacting 
suites of host and pathogen populations. 

The scientific rewards from comprehensive 
research programs such as described above include 
greater fundamental understanding of the natural 
world, as well as immediate practical benefits. For 
weed biocontrol, population models incorporating 
parasitic mode and host longevity have been used 
to predict pathogen characteristics most likely to 
lead to initial rapid host population declines, as well 
as relative effectiveness in preventing subsequent 


population recovery (30). Similar approaches could 
estimate threats posed by specific pathogens to 
conservation and population restoration, or the 
dangers of deliberate translocation of species to 
new habitats where they may serve as inoculum 
reservoirs for vulnerable host species. Finally, in 
forestry and agricultural situations where plant 
genetic diversity is still significant, deeper under- 
standing of the complex array of factors affecting 
host-pathogen coevolution could ensure efficient 
targeting of control methods. 

These examples underscore the need for a 
more generally predictive science of coevolutionary 
biology (14, 37) that can account for human im- 
pacts on all levels of biological organization (e.g., 
fragmentation of natural systems and exotic intro- 
ductions) and in novel ways (genetically modified 
organisms, introduction of new resistance genes 
into crops, and antibiotics). Integrated investigations 
of coevolution in host-microbe interactions will ulti- 
mately increase our ability to predict the long-term 
consequences of different types of human interven- 
tion on disease. 
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A Gene Necessary for Reproductive 
Suppression in Termites 


Judith Korb,"2* Tobias Weil,”?* Katharina Hoffmann,? Kevin R. Foster,’ Michael Rehli? 


major transition in evolution is the origin 
Ac a division between reproduction and 
work among individuals. Nowhere is this 
divide more striking than in social insects, where 
workers rarely produce offspring even though they 
are often capable of reproduction should the queen 
or king die. The molecular mecha- 
nisms that control worker reproduc- 
tion remain largely unknown (/). We 
used a combination of behavioral as- 
says and RNA interference (RNAi) 
(2) to identify a gene required for the 
reproductive division of labor be- 
tween the queen and the workers. 
With use of cDNA representa- 
tional difference analysis (cDNA- 
RDA), we previously identified genes 
that are specifically overexpressed 
in queens but not kings and workers 
of the lower termite Cryptotermes 
secundus (Fig. 1A) (3). One of these, 


Neofem2, is a homolog of a gene in- B 
volved in communication in the Pe 
Maderian cockroach, Leucophaea 64 
maderae (3, 4). Thus, we hypoth- By 
esized that Neofem2 plays a critical = 
role in queen-worker communication. = 2 
In lower termites, workers are Sj 
totipotent and can develop into re- a 


productives (Fig. 1) but only when 
the queen or king dies. Because it is 
not possible to induce a worker to 
molt into a new queen within the short 
functional period of RNAi (prelimi- 
nary experiments revealed a decline of 
gene knockdown after 48 hours), we 
developed a behavioral assay to func- 
tion as a proxy for the absence of 
queens. Removing queens from col- 
onies resulted in a single observable effect: an in- 
crease in butting behavior among workers (Wilcoxon 
paired rank test: Z=—2.43, n= 9 pairs, P=0.015) 
(Fig. 1B, fig. S1, table S1, and movie S1). Butting is 
associated with reproductive dominance, and work- 
ers that go on to replace the king or queen display 
more butting than workers that do not change caste 
(figs. S2 and S3). These observations are consistent 
with those of bees, ants, and wasps, where aggres- 
sive interactions among workers increase before, or 
associated with, worker reproduction (5). Therefore, 
we used the frequency of butting interactions re- 
ceived by a focal worker as an indicator of the queen’s 
absence and the eventual succession of the queen. 

We silenced Neofem2 in queens with RNAi in 
eight queenright colonies (figs. S4 and S5) and 


a — a — a —  — a -— 2 


recorded the behavioral repertoire 1 day before and 
1 day after silencing. Although silencing had no 
observable effect on the behavior of the queen 
herself (Wilcoxon paired rank tests: always P > 
0.200) (fig. S6 and table S2), workers showed a 
significant increase in butting behavior (Wilcoxon 


Butting interactions 


Ringer 


ns 


Queenless Before 


Queenright 


Fig. 1. (A) Cryptotermes secundus queen (bottom left) together with the king (top 8. 
right) and workers. (B) Frequency of butting interactions among workers in 
queenright and queenless colonies. (C) Frequency of butting interactions before and 
after treatment of the queen with Neofem2 small interfering RNA (siRNA), control 
siRNA, and Ringer's solution. Shown are boxplots with median, quartiles, and 
minimal and maximal values. Outliers are not shown but were analyzed (tables $1, 
$3, and S4). *Significant increase in the frequency of butting by workers. 


paired rank test: Z = —2.52, n = 8 pairs, P = 0.012) 
(Fig. 1C, fig. S7, and table S3) that was not ob- 
served in our 24 control colonies (table 4). Thus, 
we conclude that inhibiting Neofem2 makes work- 
ers behave as though the colony is queenless and 
that Neofem2 is necessary for the queen to suppress 
worker reproduction. Neofem2’s putative 532—amino 
acid gene product suggest that it is a B-glycosidase, 
a member of the glycosyl hydrolase family 1 (3). 
These enzymes are found among all taxa—including 
bacteria, fungi, plants, and animals (6)—and have a 
major function in breaking down polysaccharides 
like cellulose. The closest homolog of Neofem2 plays 
a role in wood consumption in the termite Neotermes 
koshuensis (table S5). B-glycosidases also can release 
volatiles from substrates composed of sugars and a 


Neofem2 siRNA 
—— 


Control siRNA 1. 


=o 


small chemical group (7) and may play a role in egg 
pheromones in Reticulitermes speratus and cock- 
roach species (8) and in sex-specific signaling in the 
Maderian cockroach (4). All together, these results 
suggest that Neofem2 may have evolved from an 
ancestral role of wood digestion to one of queen- 
worker pheromonal communication in modern ter- 
mites. If confirmed, Neofem2 provides insight into 
the chemistry of queen pheromone production, some- 
thing that has been described in honeybees (9). 

The evolution and maintenance of a reproduc- 
tive division of labor is predicted to occur only 
under restricted ecological conditions (5). Our data 
suggest that this major step in social evolution can 
be achieved through relatively minor changes to 
preexisting biochemistry. The find- 
ing that termite social organization 
can be influenced by single genes 
also suggests a novel strategy for 
insect control: chemical genetic in- 
hibitors that cause anarchy within 
their societies. 
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Representation of Confidence 
Associated with a Decision by 
Neurons in the Parietal Cortex 


Roozbeh Kiani and Michael N. Shadlen 


The degree of confidence in a decision provides a graded and probabilistic assessment of 
expected outcome. Although neural mechanisms of perceptual decisions have been studied 
extensively in primates, little is known about the mechanisms underlying choice certainty. We have 
shown that the same neurons that represent formation of a decision encode certainty about the 
decision. Rhesus monkeys made decisions about the direction of moving random dots, spanning a 
range of difficulties. They were rewarded for correct decisions. On some trials, after viewing the 
stimulus, the monkeys could opt out of the direction decision for a small but certain reward. 
Monkeys exercised this option in a manner that revealed their degree of certainty. Neurons in 
parietal cortex represented formation of the direction decision and the degree of certainty 


underlying the decision to opt out. 


hoice certainty—the degree to which a 
( decision-maker believes a choice is likely 

to be correct—affects a variety of cognitive 
functions: how we plan subsequent actions, how 
we react and learn from mistakes, and how we 
justify our choices to others. Choice certainty is 
pivotal for planning actions in a complex envi- 
ronment in which subsequent decisions depend on 
pending outcomes of previous decisions (/—3). 
For example, a decision to undergo a risky oper- 
ation depends, among other factors, on the degree 
of certainty that the diagnosis is correct. Psychol- 
ogists have long proposed that choice certainty 
serves as a link between the physical world and 
belief: It provides a graded scale that allows 
us to translate our convictions into suitable 
actions (4, 5). 

Despite the importance of choice certainty, 
its neural mechanisms are poorly understood. It 
is well established that choice certainty is close- 
ly correlated with both decision accuracy and 
reaction time (6-//). This close relationship sug- 
gests that the same mechanism that underlies 
the decision-making process might underlie cer- 
tainty judgments (/, 70, 12, 13). It has been 
suggested that neurons in orbitofrontal cortex 
and cingulate cortex, which are known to rep- 
resent reward expectation or conflict, represent 
reward expectations associated with decision 
uncertainty (/4—/6). However, these neurons 
do not give rise to a representation of decision 
uncertainty but presumably receive this infor- 
mation from neurons that compute this quan- 
tity in the decision-making process. 

The neural mechanism of decision-making 
has been investigated using simple perceptual 


Howard Hughes Medical Institute, National Primate Research 
Center, and Department of Physiology and Biophysics, Uni- 
versity of Washington, Seattle, WA 98195, USA. E-mail: roozbeh@ 
u.washington.edu (R. K.); shadlen@u.washington.edu (M.N.S.) 


tasks in which a monkey makes a categorical 
choice between two or more discrete options 
based on a sensory stimulus (/7). When the 
monkey is required to report the perceived di- 
rection of motion by a saccadic eye movement, 
neurons in lateral intraparietal cortex (LIP) rep- 
resent the accumulation of evidence, termed a 
decision variable, that supports the target in 
their response fields (RFs) (/7—/9). Further- 
more, these neurons signal the termination of 
the decision process when their firing rates reach 
a critical level or bound (/9-2/). Theoretical and 
experimental studies raise the possibility that 
the neural computations approximate a form of 
probabilistic reasoning about the alternatives 
(22-24). We hypothesize that the graded, time- 
dependent firing rates of LIP neurons also rep- 
resent choice certainty. Our hypothesis, therefore, 
unifies the representation of the three compo- 
nents of decisions—choice, reaction time, and 
certainty—in a single neural population. 

Two monkeys made perceptual decisions 
about the net direction of motion in a dynamic 
random-dot display (Fig. 1A) (25). Task difficulty 
was controlled by varying both the percentage 
of coherently moving dots and the viewing du- 
ration. After a delay period, the fixation point 
was extinguished, which instructed the monkey 
to indicate its direction choice by making an eye 
movement to one of the direction-choice targets. 
On a random half of the trials, the monkey was 
given the option to abort the direction discrim- 
ination and to choose instead a small but certain 
reward associated with a third saccade target. 
This “sure target” was shown during the delay 
period, at least 500 ms after the random-dot 
motion was extinguished. During motion view- 
ing, the monkey did not know whether the sure- 
bet option would arise. The task design, a form 
of postdecision wagering (26-28), ensured that 
the monkey made a decision about motion di- 


D 
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rection on each trial. We hoped that the monkey 
would choose the sure target when less certain 
of the high-stakes direction choice, allowing us 
to study neural responses associated with choice 
certainty. 

We first describe behavioral observations, 
which demonstrate that the postdecision wager 
reflects choice certainty. We then demonstrate a 
neural correlate of this certainty in the LIP firing 
rate. Together, these observations support a mech- 
anism in which the same decision variable, rep- 
resented by LIP neurons, underlies both the choice 
and the degree of certainty in that choice. 

The monkeys opted for the sure target when 
the chance of making a correct decision about 
motion direction was small. They exercised this 
option more frequently for the weaker motion 
strengths and for the shorter stimulus durations 
(P < 10 *) [equation 1 (25) and Fig. 1B], that is, 
when the probability of making an error was 
higher (P < 10 *) [equation 2 (25) and Fig. 1C]. 
More interestingly, when the monkeys waived 
this option, the choice accuracy was better than 
on the trials when they were not offered the post- 
decision wager (P < 10 +) [equation 3 (25) and 
Fig. 1C]. This improvement was apparent at al- 
most all motion strengths and stimulus dura- 
tions. It implies that the monkeys did not choose 
the sure target on the basis of stimulus difficulty 
but instead based on a sense of uncertainty on 
each trial. This same pattern was observed on 
a subset of trials in which identical random-dot 
patterns were repeated (P < 0.025) (fig. S1), 
which suggests that the source of information 
about difficulty is not governed solely by prop- 
erties of the stimulus but also by internal varia- 
bility that renders the evidence more or less 
reliable to the decision-maker. 

We recorded extracellularly from 70 LIP neu- 
rons while the monkeys performed this task. 
These neurons exhibited spatially selective per- 
sistent activity that predicted whether an eye 
movement was planned into the RF of the neu- 
ron on a memory-guided saccade task (29-37). 
For the main motion task, we placed one of the 
direction targets (Tj,) in the RF of the recorded 
neuron, the other direction target (Topp) on the 
opposite side of the screen, and the sure target 
(T,) orthogonal to the axis that connected the 
two direction targets. 

Figure 2A shows responses of an example 
neuron for trials without the sure target. The 
neural activity after motion onset underwent a 
brief dip and then diverged to indicate the mon- 
key’s decision for Tj, or Topp. The activity per- 
sisted through the delay period until the eye 
movement (/8). For simplicity, the graph com- 
bines all motion strengths and stimulus dura- 
tions (25), but, as shown previously (/8—21), the 
buildup of firing rate reflected the stimulus 
strength (P = 0.01) [equation 10 (25) and fig. S2], 
compatible with the representation of accumu- 
lated evidence in favor of T;j,. We observed a 
similar divergence and persistence of activity for 
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Tin and T,,, choices on the trials in which T, 
was presented but was waived by the monkey 
(Fig. 2B, solid traces). 

In contrast, when the monkey chose T,, the 
activity after the motion changed more gradu- 
ally and achieved intermediate values compared 
with the T;, and T,,, choices. This pattern per- 
sisted into the delay period until T; appeared (P < 
10-8, ¢ test). Before T, appeared, the monkey did 
not know whether the sure bet would be offered. 
After the onset of T,, there was a dip in activity, 
followed by a return to the level of activity pre- 
ceding the onset of T,. When the monkey chose 
T,, the response gradually converged to the T,,, 
level. The profile of activity suggests that even 
before the onset of T,, the neuron was inform- 
ative about whether the monkey would choose 
or waive this option should it be offered. 

We observed a similar pattern of activity 
across the population of 70 LIP neurons (32). 
Intermediate firing rates during motion viewing 
and the early delay were associated with choos- 
ing the sure target later in the trial, as shown by 
the population average firing rates (Fig. 2D). To 
quantify this effect in single neurons, we com- 
pared activity in the 200-ms period before T, 


Delay 


onset (Fig. 2D, hatched box) for trials in which 
the monkey selected or waived the sure-bet option. 
For motion toward T;,, the neural activity across 
the population was significantly smaller for T, 
choices than for T;, choices [P = 0.007, analysis 
of variance (ANOVA)] (Fig. 2E). For motion 
toward T,p,, the activity was significantly larger 
for T; choices than for T,,, choices (P = 0.001) 
(Fig. 2F). 

These observations demonstrate that the 
monkey is more likely to opt for T,; when the 
LIP activity achieves an intermediate level of 
firing rate. However, a possible concern is that 
the intermediate level of activity represented by 
the mean firing rates from many trials is an un- 
fair representation of the activity on single trials. 
According to this argument, the intermediate 
means might represent a mixture of the high and 
low firing rates that would have corresponded to 
Tin and T,,, choices, had the monkey indicated 
a direction choice on these trials. This “mixture 
of states” alternative makes a clear prediction, 
which is not supported by the data. If the inter- 
mediate means were solely mixtures of the 
responses associated with Tj, and T,,, choices, 
then the variance should reflect the dispersion of 
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Fig. 1. Postdecision wagering behavior in monkeys is indicative of choice certainty. (A) The sequence of 
events in the task. After acquiring a central fixation point (small red circle), two direction targets (large red 
circles) appeared on the screen, one inside the neural RF (gray shading), the other on the opposite side of 
the screen. The motion stimulus appeared after a short delay, remained visible for 100 to 900 ms, and 
was followed by another delay (1200 to 1800 ms). On half of the trials (lower branch) the delay persisted 
until the fixation point was turned off, which served as a “go” signal that instructed the monkey to 
indicate the perceived direction of motion by a saccadic eye movement to one of the direction targets. A 
correct response led to a liquid reward; a wrong response led to no reward and a brief time-out. On the 
other half of the trials (upper branch), a third target was presented 500 to 750 ms after extinction of the 
motion. Choosing this sure target (T., blue circle) led to a smaller reward (~80% of correct reward). On 
these trials, the monkey could choose T, or a direction choice. The two trial types were randomly in- 
terleaved. (B) The frequency of choosing T, was greater when the motion strength (% coherence) was 
weak or the duration brief. The points are data, grouped in duration quantiles (deciles). Error bars (SE) are 
smaller than the symbols. (C) Decision accuracy when the T, option was waived. The graph compares 
performance on trials in which T, was not shown (open circles, dashed curves) with trials in which T, was 
offered but waived (filled circles, solid curves). 


values associated with these extremes. This idea 
is rejected: The variance associated with T, 
choices was significantly smaller than the 
variance associated with the mixtures of T;, 
and T,,, choices (P = 4.7 10>, F-test). We 
conclude that these intermediate levels of 
activity are not artifactual but represent a low 
state of certainty. 

This conclusion is supported further by 
comparing the activity from neurons on single 
trials with the monkey’s decision to choose or 
waive the T, option (Fig. 3A). For each trial, 
from each neuron, we calculated the deviation 
of firing rate, in the epoch just preceding T, 
onset, from an intermediate level. The magni- 
tude of this deviation was inversely related to 
the probability that the monkey chose the sure- 
bet option (P = 2.3 x 10°) [equation 11 (25) 
and Fig. 3A]. The influence of a single neuron 
on the probability of a postdecision wager is ex- 
pected to be small because it is but one mem- 
ber of a large population of neurons that govern 
the behavior, presumably (33-35). Nonetheless, 
the significance of the effect is a strong indi- 
cation that LIP responses represent the choice 
certainty. 

This single-trial analysis addresses another 
possible concern. Because stimulus difficulty 
(i.e., motion coherence and duration) affects 
both LIP responses and confidence judgments, 
it seems possible that the correlation between 
LIP activity and the postdecision wager is merely 
accidental, that is, totally explained by the stim- 
ulus difficulty. Alternatively, if T, choices are 
based on LIP activity, they should be influenced 
by both the stimulus and the noisy fluctuations 
of LIP firing rates. To address this, we performed 
a variant of the single-trial analysis described 
in the previous paragraph. We calculated the 
trial-to-trial fluctuation of LIP responses relative 
to the mean response dictated by each motion 
strength and direction. These residual fluctua- 
tions before the sure-target onset had significant 
leverage on the probability of choosing the sure 
target (P = 4.0 x 10°) [equation 12 (25)]. This 
finding also held for the subset of trials in which 
we used identical random-dot motion stimuli (P = 
0.015). Therefore, the linkage of neural responses 
with sure-target choices is not explained merely 
by their shared covariation with the stimulus. 
We conclude from these analyses that the var- 
iable discharge of LIP activity was related to the 
monkey’s choice certainty, whether these varia- 
tions were caused by experimental manipulations 
(i.e., motion strength and duration) or random 
effects (i.e., neural noise). 

The single-trial analyses have focused thus 
far on neural activity in the delay period, imme- 
diately preceding the onset of T;. Is the LIP ac- 
tivity during decision formation also related to 
choice certainty? The evolution of neural activ- 
ity accompanying motion viewing suggests an 
affirmative answer. The rate of change of LIP 
activity after motion onset, termed the buildup rate 
(36), was related to the probability of choosing 
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T, later in the trial. For stronger stimuli, the 
buildup was steeper (P < 10-8) [equation 10 (25)], 
consistent with the accumulation of stronger 


evidence, shorter decision times, and ultimately 
more accurate decisions (/3, 17). According to 
our hypothesis, the buildup rates should tend 
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Averages are aligned to motion 
onset (left part of graph) and 
saccade initiation (right). (B) Responses from the same neuron on trials in which T; was presented. The 
dashed lines show neural activity on trials in which T, was chosen (black and gray, motion toward Tj, and 
Topp, respectively). The middle portion of the graph shows activity in the delay period, aligned to onset of T.. 
(C and D) Population average responses of 70 LIP neurons from two monkeys. Same conventions as in (A) 
and (B). Firing rates from each neuron were normalized to the mean level before onset of the motion 
stimulus. (E) The activity before T, presentation was smaller for T, choices than for T;, choices. Each data 
point represents the mean activity of an LIP neuron in the 200 ms before T, presentation [hatched rectangle 
in (D)]. Error bars, mean + SEM. Shading in the histogram shows significant cases (P < 0.05). The arrow 
shows the mean difference of normalized activity across the population (mean + SEM, —0.20 + 0.03). (F) The 
activity before T; presentation was larger for T; choices than for Topp choices. Same conventions as in (E) 
(mean difference = 0.18 + 0.02). 
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toward intermediate values when the monkey 
chose T,. To test this, we performed a logistic 
regression analysis using buildup rates estimated 
from single trials. Deviation of the buildup rate 
from intermediate values was associated with a 
lower probability of choosing the sure target (P = 
0.017) [equation 11 (25) and Fig. 3B]. More- 
over, this link was not simply due to covaria- 
tion of buildup rates and choice certainty with 
motion strength (P = 0.0018) [equation 12 (25)]. 

It is also interesting to note that, although the 
fluctuations in buildup rate and delay period ac- 
tivity were weakly correlated (r = 0.10, P< 10%), 
each exerted independent leverage on the like- 
lihood that the monkey would opt for the T, 
wager (P < 0.03) [equation 13 (25)]. In other 
words, both the evolution of decision-related 
activity and the sustained activity in the delay 
period carry information about choice certainty. 
Although both quantities reflect the state of evi- 
dence, variation in the buildup rate also affects 
the amount of time it takes to reach a decision 
(19-21, 37, 38), consistent with the long-held 
view that decision time contributes to choice 
certainty (8, 9, 12). 

Indeed, a Bayesian framework that incorpo- 
rates both evidence and decision time explains 
several aspects of the data. As previously shown, 
the left-right choices on this task are governed 
by the accumulation of evidence favoring one or 
the other option (/7). This accumulation, which 
we call a decision variable, V(t), is represented 
by the firing rates of LIP neurons. It begins at a 
neutral value and undergoes a random walk with 
drift (also termed drift diffusion) as evidence ac- 
cumulates for and against the two direction alter- 
natives. The decision terminates naturally when 
there is no more evidence (e.g., when the stim- 
ulus duration is short) or when v reaches a 
critical level or bound. In both cases, the choice 
is determined by the sign of v. As previously 
shown, this simple model explains the monkey’s 
accuracy as a function of stimulus strength and 
viewing time. It explains both the diminishing 
returns associated with prolonged viewing in 
our experiment (fig. $3) (20) and the trade-off 
between speed and accuracy in reaction-time 
experiments (J3, 39, 40). It also explains the 
saturating firing rate curves in Fig. 2. 

A simple extension of this bounded evidence 
accumulation model also explains the postde- 
cision wagering. The key insight is that both v 
and ¢ convey information about certainty. Figure 
4A shows the distribution of v(t), combined 
across all stimulus strengths when the rewarded 
direction is, for example, rightward. Applica- 
tion of the decision rule described in the pre- 
vious paragraph to v(¢) would lead to different 
proportions of correct and incorrect choices, de- 
pending on the motion strength. This transfor- 
mation is shown in Fig. 4B, which replaces 
the probability distribution of vf) with the log 
odds of a correct decision. This is the log-posterior 
odds based solely on v(t). For example, if a 
rightward stimulus is shown, the log odds of a 
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correct choice is simply the log posterior odds 
that the stimulus is to the right 
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where C is motion coherence, and S; and S> 
represent the rightward and leftward motion 
direction, respectively. The last term vanishes, 
because the prior probability that motion is left 
or right is equal. The summation terms imple- 
ment marginalization over motion strength. The 
left side of the equation formalizes belief in the 
proposition S = Sj. 

From the depiction in Fig. 4B, it is easy to 
imagine that opting out of the direction decision 
might happen when the expected chance of 
success based on v(t) at decision time is less 
than a criterion level (Fig. 4C). This simple mod- 
el explains the observed behavior and success- 
fully predicts the amount of improvement in the 
probability of being correct for trials in which 
the monkey waives T,. The model has only three 
free parameters (table S1), which were set by 
fitting the proportion of T, choices and the 
probability of being correct for trials without T, 
[dashed curves in Fig. 4D (R? = 0.97) and Fig. 
4E (R? = 0.98). This establishes a prediction 
(not a fit) for the probability of being correct on 
the trials in which T, was shown but waived 
(Fig. 4E, solid curves) (R? = 0.95). The agree- 
ment between this simple model and the data 
affirms the plausibility of the Bayesian sequen- 
tial sampling framework (4/). 

Moreover, the evolution of v(¢) predicted by 
the model resembles qualitatively the responses 
of LIP neurons (Fig. 4F and fig. $4). For stronger 
motion, the decision variable associated with T, 
choices follows less intermediate trajectories 
(note the separation of dashed curves), and the 
decision variable associated with direction 
choices rises (or falls) faster toward its plateau 
level. Both of these features are evident in the 
neural responses. The agreement is only approx- 
imate, presumably because neurons other than 
the ones we recorded contribute to the estimation 
of certainty (, 22). These neurons might repre- 
sent evidence for other directions of motion, but 
they are unlikely to represent the T, choice option 
directly, as shown next. 

To gain a better understanding of the repre- 
sentation of choice certainty across the popula- 
tion of LIP neurons, we recorded from 19 cells 
using the task configuration shown in Fig. 5. T; 
was in the RF, whereas the direction-choice tar- 
gets were not. Although T, was not displayed until 
late in the delay period and only on half of the 
trials, its position was fixed throughout the course 
of the experiment. Nevertheless, these neurons 


did not show a significant modulation of activity 
during the motion stimulus or in the ensuing 
delay period (42). Moreover, the weak activity 
that was present was uninformative about the 
choice to forego or choose the T, option (Fig. 5B) 
(P > 0.1 for both directions of motion). Unlike 
the neurons with a direction choice target in the 
RF, the neurons that encode the location of T, do 
not appear to represent choice certainty. 

This observation argues against an alterna- 
tive explanation of our finding based on al- 
location of attention to the T, location. More 
generally, it provides additional evidence that 


the monkey made a decision about the motion 
direction in the period preceding the onset of 
T,, even on trials when it opted out of the di- 
rection task. There is no indication that the 
monkey approached the task as a choice be- 
tween three alternatives, T;,, Topp, and T;. How- 
ever, after the appearance of T,, these neurons 
with a sure target in their RF became predictive 
of the postdecision wager. Although it is not 
obvious from the traces, the visual response in 
the first 200 ms was slightly larger when the 
monkey would choose T, (P < 0.01, ANOVA), 
suggesting that T, was more salient when there 
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(gray lines). The process ter- 
minates when v(t) reaches a bound or the stream of motion evidence ceases. (A) Representation of v(t) as a 
propagating probability density, for all motion strengths, when the rewarded direction is rightward. 
Positive values for v(t) represent accumulated evidence in favor of rightward. At time zero, the distribution 
is a delta function at v = 0. As time elapses, the range of v(t) expands to fill the space between the two 
bounds, and there is a drift toward positive values, as shown by the probability density of v at t = 800 ms 
(inset to the right of color map). The distribution associated with leftward motion (not shown) is the mirror 
symmetric graph reflected about v = 0. (B) The log odds of a correct response based on the value of v(t) at 
decision time. Correct responses are associated with larger v, but the relationship between v and 
probability correct changes with decision time. (C) T, is chosen when the probability of a correct response 
is less than a criterion level. (D and E) Model fits and predictions. The three model parameters (table $1) 
were fit to the observed frequency of correct responses on trials in which T, was not shown and the 
observed frequency of T, choices on trials in which T, was shown. These parameters predict the probability 
of a correct response on trials in which T, was waived [solid curves in (E)]. (F) Comparison of model 
predictions and neural data. The average trajectory of v(t) in the model was calculated for different 
coherence levels using the fit parameters. The calculation is based on the stimulus durations used in the 
experiment and assumes that v is fixed from termination of the accumulation process. The calculated 
trajectories (top) resemble the LIP responses (bottom). Neural responses were detrended by subtracting 
the mean response at each moment. Predictions are shifted by the neural latency (200 ms). 
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was greater choice uncertainty (43). The effect 
was weak (median difference = 7.7%), but as 
time elapsed during the remainder of the delay 
period the firing rates gave a clear indication of 
whether the monkey would choose the T,. 
Discussion. A connection between signal 
reliability, choice accuracy, and confidence has 
been proposed previously (J, 13, 14, 44, 45), 
but until now this connection has not been ob- 
served directly in the same neurons. Neurons in 
a variety of brain structures represent the size, 
preference, and probability of obtaining a reward 
(5, 46-54), but it is not known how these rep- 
resentations arise. The present results show that 
the same neurons that participate in decision 
formation (20, 55) carry the relevant signals for 
assigning the probability of obtaining a reward. It 
therefore seems likely that the computation of 
choice certainty is passed from LIP to brain 
structures that anticipate reward, and it is likely 
that feedback from these structures affects LIP in 
the epoch after the appearance of T, to mediate 
the decision to choose or forgo the T, option. 
The mechanism underlying the representa- 
tion of certainty in LIP is linked to the same 
evidence accumulation that underlies choice and 
decision time (/7, 20). This accumulation is 
encoded in the firing rates of LIP neurons with 
RFs aligned to the choice targets representing 
the direction alternatives (J8, 55-57). This is 
the decision variable, v(t), that governs the 
choice of direction, having either attained a 
critical level—a decision termination bound— 
or by comparison to a criterion if the evidence 
stream ceases. This mechanism can be viewed 
as a merging of decision models based on se- 
quential analysis (58-60) and signal detection 


A 


theory (6/). The magnitude of this decision 
variable, combined with knowledge of elapsed 
time, maps directly to the probability of obtain- 
ing a reward. An associative-learning process 
based on LIP responses can therefore underlie 
the monkey’s choice of T,. The ability to explain 
the rich pattern of behavioral results and the 
qualitative agreement between model and phys- 
iology favors the simple conceptual model. It is 
probably also consistent with other models that 
exploit a broader population of LIP neurons to 
encode posterior probability (22, 41). 

This simple mechanism brings certainty, 
which is commonly conceived as a subjective 
aspect of decision-making, under the same rubric 
as choice and reaction time (/, 62) and removes 
the need to resort to metacognitive explanations 
for certainty monitoring (45). Our findings sup- 
port a low-level explanation of postdecision 
wagering in our task, but they do not preclude 
the possibility that an animal that experiences 
subjective awareness of degree of certainty might 
base such impressions on neural signals like the 
ones exposed here. 

LIP neurons are hypothesized to encode the 
attentional salience or expected value of a visual 
saccade target (52, 53, 63), but these concepts 
cannot explain the pattern of LIP activity in our 
experiment. For example, a diversion of atten- 
tion away from T;,, to the potential location of T, 
should have led to a reduction in firing rate for 
both T;, and T,,, directions during motion view- 
ing and in the delay period before T, appeared. 
Attention (or motor planning) might explain the 
activity just preceding saccades, but it does not 
explain the intermediate firing rates, particularly 
for Topp directions, in the key epochs of interest. 
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Fig. 5. Activity of LIP neurons when the location of T; was in the RF. (A) Task design. For 19 neurons 
from two monkeys, we placed T, in the RF. The high-stakes direction targets were outside the RF. Task 
sequence was otherwise unchanged. (B) Responses on trials in which T, was not offered. (C) Responses 
on trials in which T, was presented. Firing rates were normalized to the visual activity in the 300-ms 


epoch after onset of T,. 
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A second alternative, expected reward, seems 
more plausible, at least to the extent that it mimics 
the belief that a choice will be correct. However, 
the expected value of T;,, in the objective sense 
(from economics), changes as a function of mo- 
tion strength (psychometric function) (Fig. 1C), 
whereas the firing rate before T, onset is minimally 
affected by motion strength when the monkey 
waives T, (Fig. 4F and fig. S4). Even subjective 
expected value, which is synonymous with cer- 
tainty, fails to capture fully the deeper insight our 
experiment reveals about mechanism: The evo- 
lution of decision-related activity that gives rise 
to a choice also underlies certainty and a wager 
based upon it. 

A famous controversy in the history of prob- 
ability theory concerned whether it is mean- 
ingful to embrace the truth of a hypothesis as a 
graded quantity expressed as a probability or 
whether, instead, hypotheses are simply true or 
false. The latter approach led frequentists to 
reject the Bayesian concept of degree of belief, 
relegating probability to the analysis of error 
rates in assertions of truth (64, 65). Our finding 
suggests that when the brain embraces a truth, it 
does so in a graded way so that even a binary 
choice leaves in its wake a quantity that rep- 
resents degree of belief. From this perspective, 
our neural recordings support the idea of a 
“Bayesian brain” (66) and a neural mechanism 
of decision-making that does not flip into a 
fixed point or attractor state but instead approx- 
imates the formation of a probability distribution 
(41, 67). Accordingly, the intermediate levels of 
activity associated with less certain choices might 
be a sign of a more homogeneous level of ac- 
tivity across the population of neurons. Funda- 
mentally, our results advance understanding of 
the neural mechanisms that underlie decision- 
making by coupling for the first time the mech- 
anisms leading to decision formation and the 
establishment of a degree of confidence. 
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Characterization of Multipartite 
Entanglement for One Photon Shared 
Among Four Optical Modes 


Scott B. Papp,’* Kyung Soo Choi,?* Hui Deng,” Pavel Lougovski,? S. J. van Enk,? H. J. Kimble*t 


Access to genuine multipartite entanglement of quantum states enables advances in quantum 
information science and also contributes to the understanding of strongly correlated quantum 
systems. We report the detection and characterization of heralded entanglement in a multipartite 
quantum state composed of four spatially distinct optical modes that share one photon, a so-called 
W state. By randomizing the relative phase between bipartite components of the W state, we 
observed the transitions from four- to three- to two-mode entanglement with increasing phase 
noise. These observations are possible for our system because our entanglement verification 
protocol makes use of quantum uncertainty relations to detect the entangled states that span the 


Hilbert space of interest. 


nvestigations of entanglement for two quantum 
systems have answered many fundamental ques- 
tions in quantum physics (/, 2) and revealed 
powerful new capabilities of quantum mechanics 
within the field of quantum information science 
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(3-5). Many of these advances have used well- 
tested methods for the characterization of quantum 
entanglement in bipartite (two-component) sys- 
tems (6, 7). Entangled states of more than two 
systems enhance our knowledge of quantum theory, 
because new classes of states are available (7-9). 
Beyond applications to conventional quantum com- 
putation (3), exotic multipartite states have emerged 
as crucial resources for new directions in quantum 
information processing such as measurement-based 
quantum computation (/0, //), quantum secret 
sharing (/2), and quantum simulation (/3). Despite 
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the extraordinary promise that they offer, unambig- 
uously detecting multipartite entangled states is still 
a major challenge from both an experimental and 
a theoretical standpoint. 

Genuine N-partite entanglement is realized 
only with the simultaneous participation of all V 
of the constituent systems. The exponential in- 
crease with NV in the amount of information re- 
quired to describe the overall quantum system, 
although exceedingly beneficial for large-scale 
quantum information protocols (3), makes the 
task of classifying (8, 9) and detecting such en- 
tangled states extremely difficult (7). Still, there 
are prescribed methods to detect entanglement in 
select classes of multipartite states that generally 
rely on reconstructing the density matrix 6. Linear 
entanglement witnesses supplemented by tomog- 
raphy of § have been used to detect entanglement 
in six (/4) and eight (/5) atomic ions, as well as 
for hyperentangled photons (/6). A serious draw- 
back of quantum-state tomography is the prohibi- 
tive number of measurements and their accuracies 
that are required with increasing N. 

Our work focuses on a specific class of quantum 
states in which exactly one photon is coherently 
shared among WN distinct optical modes in the form of 

1 


|W) = 5 [((1000) + e':|0100)) + 


e'(|0010) + e*|0001))] (1) 


shown here for N= 4 and with the relative phases ©, 
1, 2 of the modes. This is a so-called W state, 
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which plays an important role in quantum infor- 
mation protocols with photonic and matter qubits, 
because its entanglement is known to be robust 
against losses (for example, tracing over a set of 
modes K < N — 2). 

To detect entanglement for pure states in the 
form of Eq. 1 and their mixed-state counterparts 
Pw, we introduce the use of fundamental quan- 
tum uncertainty relations. It has long been known 
for continuous variable systems that the uncer- 
tainty principle for noncommuting observables 
defines a boundary of measurement precision that 
can be crossed only by entangled states (17, /8). 
This observation has formed the basis of numer- 
ous Einstein-Podolsky-Rosen-type experiments 
(79). For discrete variable systems as in Eq. 1, 
the uncertainty principle can be recast as a sum of 
uncertainties in certain physical observables that 
must always be greater than some minimum 
bound A, for all unentangled states, whether 
pure or mixed (20). 

As a first test of this concept, we created a 
bipartite entangled state analogous to |W). We 
verified the entanglement both by violation of 
an uncertainty relation (2/) and by the well- 
established method of concurrence (22, 23). The 
precise agreement of these two measurements 
over a wide range of parameter space attests to 
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the reliability of uncertainty-based verification 
for the entanglement of discrete variables (Figs. 
1B and 2). We then extended our setup to create 
multipartite entangled states that coherently share 
a single photon among four optical modes and 
applied our verification protocol to them. Vary- 
ing the phase coherence and the photon statistics 
of a candidate state 6 , allowed us to explore the 
boundary between separable and entangled states, 
including those that separate fourfold, threefold, 
and twofold entanglement. 

Our verification protocol is based on an 
exclusion principle for which N-mode entan- 
glement can be unambiguously detected by simul- 
taneously measuring physical observables {7 ;} 
(projectors) with i € {1,...,.NV} more precisely 
than is possible with only (NV — 1)}+mode en- 
tangled states and their mixtures (20, 21). Spe- 
cifically, we consider a sum uncertainty relation 


N N 

A = > (Mj) - (MY = 1- (MY and its 
i=l i=l 
lower boundary AM) which represents the small- 
est sum uncertainty obtained by any state with 
at most K < N—mode entanglement. For all K- 
mode entangled states, the inequality A = A) 
holds; therefore, a violation of this inequality 


serves as a sufficient condition for genuine N- 


Port B EOM 


REPORTS 


mode entanglement. The projective operators are 
{Mi} = {|Wi)(Wi|} with 


WM) = ; |1000) + e”|0100) + 
e'®2 0010) + e®|0001)) 
W>) = ; |1000) — e'*:|0100) — 
e'®2|0010) + e®s|0001)) 
W3) = : |1000) — e*:|0100) + 
e'® 10010) — e'*|0001)) 
|Ws) = ; |1000) + e'*'|0100) — 


e' 10010) — e|0001)) — (2) 
for the case of N= 4, and with phases {B;} where 
J € {1,2,3}. They are optimally sensitive to entan- 
glement, for particular settings of B;, because the 
entangled state |W) in Eq. 1 is the only simultaneous 
eigenstate of all projective operators M; (2/). 

In our work, the purported V-mode entangled 
state 6, analogous to |W) is generated via the 
operation 6;,—2-> 6 jy (Fig. 1A) on an input state 
Pin. Similarly, entanglement is verified with 


Fig. 1. Diagram of our entanglement generation and verification setups. (A) 
A single-photon pulse is transformed from a single input into an N-mode 
entangled state by Oger, and entanglement is verified with the operation Overs 
(B) Details of the setup for bipartite entanglement. Single photons are co- 
herently split to occupy the two modes defined by the interferometer BD,-BD2 
with the relative phase o of fy, controlled by the EOM. By setting the wave- 
plate (1/2), at 0°, the occupation of the individual modes is detected at D, 
and D2, and we obtain the two-photon components of Hy. With a setting of 


(A/2), at 22.5°, single-photon interference occurs at PBS, from which we 
obtain A; see also Fig. 2. (C) Details of the setup to create and verify 
quadripartite entanglement. The sequences of beamsplitters BDg and BD, 
generate the optical modes 1 to 4, which share a single photon. To measure A, 
we jointly optimized the relative phases in the verification interferometers for 
interferences at PBS, > [(A/2), at 22.5°] and BS; 2 to minimize the photon prob- 
ability of all but one output mode. Here, switching between measurements of 
A and y, requires the indicated reconfiguration of fiber-optic components. 
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6 w—*>P/ou- We implemented M; for the case 
of two (Fig. 1B) and four (Fig. 1C) optical modes 
using beamsplitters (24) and photodetectors. The 
limit A — 0 indicates a significant overlap of the 
state 6» with only one of the projectors Mj. In 
particular, for any choices of 6, 01, 2 that define 
Eq. 1 and the three corresponding orthonormal 
states, our measurements of MW; would yield A=0 
for optimal settings of the phases B;. A small A 
corresponds to a large statistical imbalance in the 
event distribution of the output optical modes, 
with one mode strongly preferred over the others. 
Conversely, if the generated state contains a photon 
that occupies one mode (e.g., | 1000)), our measure- 
ments would yield A = 0.75. Because of the presence 
of transmission losses and beamsplitter imbalances 
in our setups, the projectors |W;)(W;| evolve into 
mixed states with significant vacuum components, 
but genuine multipartite entanglement can still be 
robustly detected for py (2/, 25). 

To theoretically determine the boundaries AM) 
for N-mode entanglement, we calculated A for ail 
possible admixtures of states containing at most 
K=N- 1|-mode entanglement. The presence of 
more than one excitation in 6 may allow sig- 
nificant overlap of its one-photon subspace with 
|W), leading to a spurious detection of entangle- 
ment. Therefore it is necessary to determine the 
contamination of the state 6 j, caused by multiple 
excitations. By invoking local filtering operations, 
we are justified in Gontining i our analysis to the 
reduced-density matrix pj = poPo + pipy + 
P»2Ps, Which contains no more than one photon 
per mode, while still being guaranteed a lower 
bound of entanglement (6, 23). In our experi- 
ments, we measured the photon probabilities po, 
Pi, and ps» that characterize the occupation of the 
vacuum subspace (9, the single-photon subspace 
§,, and the subspace containing multiple excita- 
tions p,,. The degree of contamination due to 
more than one excitation is quantified by the 


P2P0 Which is normalized 


N- wail 
to the case of ‘idegendea and balanced coherent 
states for which y, = 1. The observation of me 
surement uncertainty A below the threshold At K) 
together with a determination of y,, then, mani- 
festly confirms the presence of genuine (K + 1)}- 
mode entanglement. 

Our experimental starting point was the gener- 
ation of heralded single photons via Raman tran- 
sitions in an optically dense atomic ensemble of Cs 
atoms (25, 26). Two-mode entangled states were 
created by coherently splitting a single photon into 
parallel modes with beam displacer BD, (Fig. 1B); 
the modes’ relative phase, analogous to @ in Eq. 1, 
was controlled by an electro-optic modulator (EOM). 
The spatially separated modes were recombined 
at BD, and coupled into a single-mode optical fiber, 
with each mode encoded in the polarization bases 
|H) and |V). Achieving entanglement requires a 
constant relative phase of the optical modes. In the 
absence of any fluctuating drive voltage on the EOM, 
the beam displacer pair BD;-BD, forms a passively 
stable interferometer (27). By driving the EOM with 


parameter y. = 2( 
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a randomly oscillating voltage, the phase coherence 
of the modes is destroyed, and any entanglement 
between them is lost. This setup provides a calibrated 
tool to explore the boundary between separable and 
entangled states. 

After the generation of bipartite states, we 
searched for the signatures of entanglement, using 
our verification protocol. To measure A, we rotated 
the polarizations of both modes by 45° and inter- 
fered them with a polarizing beamsplitter (PBS,). 
We recorded the photoelectric detection events at 
single-photon counters D, and Dz, and converted 
them to the normalized joint photon probabilities 
P;; (.e., i photons for mode | and j for mode 2). 
Varying the relative phase of the modes after they 
exit BD produces the interference fringes shown 
in Fig. 2A’ (corresponding to P19 and P91), which 
allow us to identify the minimum value of A sup- 
ported by the modes for a given y.. In particular, the 
sum uncertainty A is related to the fringe visibility 
VbyA = (1 — V7). When the relative phase B 
between modes 1,2 is either 0° or 180°, we obtain 
a value of A as small as 0.006, which corresponds 
to a visibility of 99.4% (25). To measure the two- 
photon suppression of fj,,, we detected the 
individual modes and recorded the time series of 
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all relevant coincidence events (i.¢., P;; with {7,7} € 
{0, 1}). Based on a calibration of the transmis- 
sion from the face of BD» to the detectors, we 
inferred the photon probabilities that determine y, 
(25). We controlled y, via the pump intensity for 
Raman transitions in the source ensemble (25). 
We have explored bipartite entanglement veri- 
fication in our system by varying both the phase 
coherence and the two-photon suppression of 6 yy. 
Figure 2A shows the dependence of A on the ampli- 
tude 60 of phase noise produced by the EOM. These 
results were obtained with two-photon contamina- 
tion y. = 0.063 + 0.011, so that entanglement is de- 
tected when A < 0.46. With 6 = 360°, we expect 
the fringe visibility to be minimized, and there- 
fore A = 0.5. As 5 decreases below 270°, the 
statistics of our measurements become sufficient- 
ly imbalanced that the presence of entanglement 
is manifest. Without any phase noise in the state 
generated at BD, (i.e., 6 =0), we obtain A < 0.03 
over a wide range of y, as shown in Fig. 2B. The 
first-order coherence of our single-photon source 
and the phase stability of our apparatus guaran- 
tee A ~ 0. The boundary in A between fully sep- 
ails states and those that contain entanglement, 
AM) , depends primarily on y, through the rela- 
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Fig. 2. Detection of entanglement between two 
optical modes using uncertainty relations. (A) The 
sum uncertainty A as a function of peak-to-peak 
phase noise 5@ in the generated State py. The solid 
blue line gives the boundary, Aw , between en- 
tangled and separable states. The dotted blue lines 
indicate the range of A‘ values that result from the 
uncertainty in our measurements of y,. The red line 
is a fit to the data, based on a uniform distribution of 
phase noise. (A’) Number of photons detected n, in 
the output modes for a measurement time of 250 s 
as the relative phase B of the verification inter- 
ferometer is varied. At minima and maxima of n,, 
we obtain A = 0.01. (B) Measured sum uncertainty 
with 6 = 0 (solid circles) and boundary A‘ (blue 
line) as a function of two-photon suppression. Data 
with y, < 1.0 demonstrate entanglement of the two 
modes. By variation of 5 from 0° to 360° (open 
circles), the modes’ phase coherence is reduced, 
resulting in a loss of entanglement for 5 > 270°. 
(C) Concurrence Cy (filled circles) inferred from 
measurements of A and the boundary A, The solid 
line shows a theoretical prediction of concurrence 
[max(Cy,0)] based on an independent measurement 
of Vand p, = 0.22 + 0.02. All the error bars in this 
figure represent standard deviations. 
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tion AW = 3(l — ye). Given the uncertainty of 


our measurements, of which the largest contri- 
bution is counting fluctuations in y,, all of the 
states created with y, < 0.86 verifiably contain 
entanglement. 

A rigorous correspondence exists between our 
uncertainty verification protocol (for two modes) 
and concurrence, a measure of bipartite entangle- 
ment (22, 25). As a tool to understand the depen- 
dencies of the sum uncertainty and as a secondary 
confirmation of two-mode entanglement, we in- 
ferred the (normalized) concurrence Cy = V—\/Ve 
from our measurements of A. Using previously 
introduced relations, we can reformulate it as 
Cn =V1-2A- \/1—2A)”. The inferred con- 
currence data shown in Fig. 2C demonstrate an 
increasing Cy, therefore a larger degree of entan- 
glement, as we decrease y,. This behavior is in 
excellent quantitative agreement with our theoret- 
ical expectation for concurrence based on quantum- 
state tomography (23, 25); this validates the use of 
uncertainty relations for entanglement verification. 

We now describe our investigation of multipartite 
entanglement with a single photon shared among 


Fig. 3. Dependence of the sum 
uncertainty A on the amplitude of 
phase noise 5} in the state 6,,. These 
data were acquired with an approxi- 
mately constant y, in the range from 
0.06 to 0.08; under these conditions, 
A<0.2 demonstrates genuine four- 
mode entanglement. The horizontal 
lines indicate the boundaries AM for 
entanglement. Here the uncertainty 
of each boundary A® (dashed lines) 
corresponds to the observed fluctua- 
tions in y,. The red line is a fit to the 
data, based on a model including a 
uniform distribution of phase noise. 


0.75 


A075 


0.50 


0.25 


four optical modes (Figs. 3 and 4). To generate four- 
mode entangled states, we used the setup shown in 
Fig. 1C. A third beam displacer (BD) was added to 
the two-mode setup immediately before BD; it 
coherently splits a single photon polarized at 45° 
into two modes. In this case, the space between BD, 
and BD, supports four independent modes of 6 jy 
(composed of pairs / and J/) that share a single pho- 
ton. The EOM influences only the relative phase of 
the two pairs J, I, labeled in Eq. 1, leaving intact 
their individual phase coherence; and it provides a 
means to induce dephasing between the J/, // pairs. 
The four spatially separated modes in the state 6 jy 
are combined into two separated spatial modes (each 
carrying two modes encoded via the polarizations 
|H) and |V)) that exit BD, and are coupled into 
single-mode fibers. 

Measurements of A were performed by rotating 
the polarizations of all the modes by 45° and pair- 
wise interfering them with the network of four cas- 
caded beamsplitters shown in Fig. 1C. We recorded 
all photoelectric events from detectors {Dj.....D4}, 
but employed only events with a single photo- 
detection for the determination of A (25). In this 


bipartite 


tripartite 
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case, A depends jointly on the fiinge visibilities of 
all four interferometric outputs. BD, and BD, still 
guarantee long-term interferometric stability for the 
two pairs of modes / and J, and the relative phases 
between other pairs are actively stabilized with re- 
spect to a laser that shares the same path. With the 
stabilization laser off; we applied calibrated feed- 
forward signals to the servo electronics, that tran- 
siently optimized the setup for measurements of 
various phase dependencies of A, including its 
global minimum (25). To extract y, for the separated 
modes 1 to 4, we inserted the “photon statistics” 
setup at the location indicated in Fig. 1C, and we 
ensured that no interference occurred at PBS, and 
PBS, by setting the polarizations to the eigenaxes 
of the respective PBS. We obtained a record of the 
16 photon probabilities Pj that determine y., 
with indices i, 7, k, 7 € {0,1} (25). 

Using sum uncertainty relations (20, 2/), we 
have unambiguously detected the presence of full 
four-mode entanglement in a photonic W state. Be- 
cause N > 2, entanglement may be found not only 
among the full set of modes, but bipartite- and 
tripartite-entangled states exist within a subset of 
them. A crucial feature of our verification protocol is 
that it clearly defines boundaries that distinguish 
between states with {N,N -—1.,...,2}—-mode en- 
tanglement. As in the case with N = 2, the bound- 
aries for N = 4 exist within the parameter space 
defined by A and y,. To understand how the mul- 
tipartite entanglement is affected by the phase co- 
herence of 6 ,, we introduced phase noise 6 over 
the range from 0° to 360° between the two pairs of 
modes. Figure 3 shows A as a function of 56 and the 
theoretical boundaries for two-, three-, and four-mode 
entanglement. For 5 < 225°, our verification pro- 
tocol confirmed the presence of genuine multipartite 
entanglement for three and four modes. Owing to the 
fact that dephasing was induced among only two 
pairs, the measured sum uncertainties do not exceed 
the threshold (A(” = 0.7) defined by fully separable 
states. A primary feature of multipartite W states is 
their resilience against phase noise, evidenced by the 
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Fig. 4. (A) Sum uncertainty A as a function of two-photon sup- 
pression for 5 = 0° (solid circles) and 5 = 0° to 360° (open circles). 
Solid lines indicate the boundaries between separable, bipartite-, 
and tripartite-entangled states for the parameters of our experi- 
ment. To indicate the sizes of boundary corrections from the ideal 
case, the dashed lines show A for the ideal balanced and lossless 
case. The error bar on Af?’ indicates the statistical uncertainty in the 
boundary (25). (B) An expanded view of the quadripartite sector. 
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fact that the state that results from tracing over two 
modes in Eq. | still remains two-mode entangled (28). 
This property of |”) explains our observation of en- 
tanglement even in the face of complete dephas- 
ing between pairs / and /7 with 360° of phase noise. 

We have also explored the transitions from 
fully separable to bipartite (K = 1), tripartite (K = 
2), and quadripartite (K = 3) entangled W states 
by measuring the sum uncertainty as a function 
of two-photon suppression y,, with our results 
presented in Fig. 4. With 50 = 0, we obtained a 
uniformly low A < 0.08 over a range in y. from 
0.035 to 1.37. These values of A are larger than in 
the two-mode case (Fig. 2B) and are explained 
by a small imbalance in 6 ,, and by imperfections 
in the entanglement verification interferometers. 
Furthermore, these imperfections play an impor- 
Wi role in the determination of the boundaries 

*) for entanglement. As detailed in (25), small 
nee in the beamsplitter ratios of PBS,,> 
and BS,,, in Fig. 1C, and nonbalanced transmis- 
sion losses lead to displacements of the boundaries 
toward smaller A, y.. To reduce these boundary 
corrections, the beamsplitter ratios were all matched 
to 50%/50% to less than 3%, and the difference 
in losses of corresponding free-space and in-fiber 
optical paths were always held to less than 4%. 
Figure 4 shows the sizes o he corrections by 
displaying the boundaries Av ) for the ideal loss- 
less and balanced case as dashed lines. 

In comparison to quantum-state tomography, 
our multipartite verification protocol features an 
exponential reduction in the number of measure- 
ments required to unambiguously detect entan- 
glement. Specifically, our protocol requires us to 
determine 2* pet of 6} for y. and 4 ele- 
ments of U t pw W U ver for A, a total of 20 ele- 
ments out of the 4* = oe that make up the 
reduced-density matrix Fy v) Our protocol inher- 
ently features the use of nonlocal measurements 


M,, thereby requiring only two experimental steps 
to measure all necessary elements and unambig- 
uously detect entanglement in 6. Furthermore, 
the nonlinear structure of A allows the simulta- 
neous detection of all possible realizations of 
Eq. 1 (7, 21). These features alleviate the need for 
any complicated mechanism to control the measure- 
ment basis, which can be a challenge in tomography 
experiments (/6) and other local measurement— 
based verification protocols for 6y. Although 
linear witnesses might also enable entanglement 
detection with less than full knowledge of 6 j ob- 
tained from a few experimental steps (29), the un- 
ambiguous verification of entanglement requires 
robustness in the face of experimental imperfections, 
including multiple excitations and losses (25). 
Our study has introduced a new technique for 
the unambiguous verification of multipartite W 
states. Specifically, we examined entanglement 
in heralded quantum states specified by 6 j, with 
N= 2,4. Entanglement detected with our protocol 
refers to that of the complete density matrix 6 y 
presented to our verification system, and not to 
fictitious components deduced via post selection 
(6). An extension of our protocol to different states 
(requiring increased experimental resources) is dis- 
cussed in (2/). Photonic entanglement, such as gen- 
erated here, can be coherently mapped into atomic 
memories by way of electromagnetically induced 
transparency (30) for scalable quantum networks. 
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N-Doping of Graphene 
Through Electrothermal 
Reactions with Ammonia 


Xinran Wang,” Xiaolin Li,” 
Jing Guo,” Hongjie Dai?* 


Li Zhang,? Youngki Yoon, Peter K. Weber,” 


Hailiang Wang,* 


Graphene is readily p-doped by adsorbates, but for device applications, it would be useful to 
access the n-doped material. Individual graphene nanoribbons were covalently functionalized by 
nitrogen species through high-power electrical joule heating in ammonia gas, leading to n-type 
electronic doping consistent with theory. The formation of the carbon-nitrogen bond should occur 
mostly at the edges of graphene where chemical reactivity is high. X-ray photoelectron 
spectroscopy and nanometer-scale secondary ion mass spectroscopy confirm the carbon-nitrogen 
species in graphene thermally annealed in ammonia. We fabricated an n-type graphene 
field-effect transistor that operates at room temperature. 


ecently, graphene has been made into 
R srcontcton in the form of nano- 
ibbons, leading to room temperature 
p-type graphene field-effect transistors (FETs) 


(1, 2). However, a fundamental problem has been 
that the edge structures and chemical termina- 
tions of graphene synthesized by various meth- 
ods are unknown and uncontrolled, whereas their 


effects to the physical properties have been wide- 
ly predicted (3—9). In particular, graphene nano- 
ribbons (GNRs) edge-terminated by nitrogen 
species were shown to be electron-rich, leading 
to n-type transistor behavior (8). Therefore, it is 
essential to precisely control the edge structures 
and chemical terminations to obtain desirable 
device characteristics. Edge doping could present 
anew means of doping for nanoscale graphene. 

We now report that GNRs can be functional- 
ized by nitrogen species by high-power electrical 
annealing (e-annealing) in NH; and exhibit n- 
type electronic doping. GNRs were synthesized 
chemically (7) or were lithographically patterned 
from pristine peel-off graphene (/0—/2); the 
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width ranged from below 10 nm up to ~150 nm. 
Chemically derived GNRs were dispersed on a 
300-nm Si0,/Si chip, located and imaged by 
scanning electron microscopy (SEM) with 1-kV 
acceleration voltage (/3) and by atomic force 
microscopy (AFM) [Fig. 1, B and C, and fig. S1; 
see also supporting online material (SOM) (/4)]. 


A 


Fig. 1. Electrothermal 
reaction of individual 
GNRs in NH3. (A) Sche- 
matics of a GNR device 
e-annealed under high 
current in NH3. The de- 
vices have metal S-D, 
highly doped Si backgate 
and 300-nm SiO, gate 
dielectrics. The color gra- 
dient along the GNR 
represents the temper- 
ature profile: higher in 
the center region and 
lower near the contacts 
(18, 25). Atomic colors 
are as follows: H, green; 
O, red; N, purple; C, gray. 
The GNR shown here is 
assumed to have ideal 
Zigzag edges, which may 
not correspond to the 
GNRs in experiments. D, 
drain; S, source; G, gate. 
(B) SEM (acceleration 
voltage = 1 kV) and (C) 


We then fabricated FET-like devices on selected 
ribbons with palladium (Pd) metal source/drain 
(S-D) and highly doped Si backgate (Fig. 1, A 
and D). 

We first focused on GNRs wider than ~20 nm. 
Under ambient conditions, the edges of these 
as-made GNRs were probably terminated by 


AFM images of a ~30-nm-wide GNR. (D) AFM image of the device fabricated on the GNR shown in (B) and (C). 


Fig. 2. E-annealing of individual GNRs in vacuum 
and NH3. (A) Typical e-annealing process in vacuum 
for a w ~ 125-nm GNR. The process consisted of 
several double /4.-V4, sweeps (direction pointed by the 
arrows) with gradually increasing Vg,. We stopped 
when no hysteresis existed between back and forth 
sweeps (blue curve). (Upper and lower insets) AFM 
images of the same device as-made and after e- 
annealing in vacuum, respectively. The height was 
reduced from ~1.5 to ~1.0 nm because of removal of 
PmPV coatings by e-annealing. (B) /4.-Vq; curves of the 
same GNR device as-made (red) and after e-annealing 
in vacuum (blue). The Dirac point moved from beyond 
40 to ~8 V. (C) /4-Vg; curves of the same GNR device 
in vacuum before (red) and after e-annealing in NH3 
(blue). After e-annealing in NH3, we pumped the 
device to base pressure for overnight before taking the 
blue curve. The Dirac point moved from beyond 40 to 
~—14 V. Vy, = 1 mV in (B) and (C). (D) Calculated DOS 
of a w ~ 40-nm armchair GNR terminated partly by 
nitrogen species (14). The red dashed line denotes the 
Fermi level. (Left inset) The dependence of doping 
level (the position of the Fermi level from the Dirac 
point) on the density of substitutional N on the edges. 
(Right inset) Three unit cells of the simulated structure. 
There are two NH groups in the unit cell of the 
simulated structure. These edge groups are likely to 
coexist in real GNRs. 
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hydrogen, oxygen, hydroxyl groups, and carbox- 
ylic groups (/5) and exhibited p-doping with the 
Dirac point at gate voltage V,, > 40 V in current- 
gate voltage Jg.-V,, curves [fig. S3 (/4)] (/, 2). 
The p-doping was partly attributed to the oxygen 
edge groups (6, 7), physisorbed oxygen molecules, 
and noncovalent poly(m-phenylenevinylene- 
co-2,5-dioctoxy-p-phenylenevinylene) (PmPV) 
coatings used in the synthesis process that are 
known to p-dope carbon nanotubes (/6, 7). Pump- 
ing in a vacuum reduced the conductance of GNRs 
slightly [fig. S3 (/4)], corresponding to a decrease 
in p-doping by partial desorption of oxygen, either 
from the GNRs or GNR-metal contacts (/6). 

We then e-annealed the devices in high 
vacuum (~10 ° torr) by double sweeping the S-D 
bias V4, (Fig. 2A). As Va, was increased to high 
biases, the slope of Jg.-Va, curve decreased or 
even became negative, with a noticeable hyster- 
esis between back-and-forth sweeps that indi- 
cated the removal of the p-doping sources (/8). 
We recorded Jg.-V,, curves immediately after 
each e-annealing sweep and observed that the 
Dirac point gradually moved toward zero V,, 
[fig. S2 (/4)]. We continued to increase V4, dur- 
ing /y,-Vg, sweeps until no hysteresis occurred, 
which indicated that most of the p-doping was 
removed (Fig. 2A and fig. S2). After e-annealing, 
the Igs-V,, curve of GNR devices always showed 
the Dirac point at finite positive V,, (typically 5 to 
20 V) and slightly asymmetric hole and electron 
conduction (Fig. 2B). The residual p-doping was 
probably caused by oxygen species remaining on 
the edges (Fig. 3C) (6, 7), as well as the doping 
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from the contact metal caused by the high work 
function of Pd (79). 

During e-annealing, hundreds of microwatts 
of power were injected into a single GNR, which 
caused electrothermal self-heating of the GNR. 
We probed the temperature of GNRs under high- 
power input by measuring the red shift of the 
Raman G band of a single GNR (/4, 20). For a 
typical GNR under Vg, = 2 V (356-uW input 
power), a G-band shift of ~4.4 cm! was ob- 
served [fig. S5 (/4)], corresponding to an average 
temperature of ~300°C along the GNR (20). 
Thus, electrical annealing of GNRs to hundreds 
of degrees led to the removal of physisorbed 
oxygen and PmPV molecules and reduced p- 
doping, consistent with the GNR height decrease 
by ~0.3 to 0.6 nm after e-annealing removal of 
the coating on GNRs (Fig. 2A, insets). 

To chemically modify GNRs, we e-annealed 
the GNR devices in a ~1-torr NH3/Ar envi- 
ronment with carefully designed sequences and 
control experiments [fig. S3 (/4)]. In NH3, we 
applied similar e-annealing sequences as in vac- 
uum. After e-annealing, we pumped the chamber 
to base pressure for overnight (~8 hours) to fully 
remove physisorbed NH; molecules (/4). Com- 
paring the Dirac point positions of the devices in 
vacuum before and after e-annealing in NH3, we 
observed a large ~—20-V shift (Fig. 2C and fig. 
S3B) that stayed stable and constant in vacuum. 
The shift caused by physisorbed NH; molecules 
(21) was usually smaller in magnitude [typically 
—5 V; fig. S3B (/4)], and control experiments 
showed that physisorbed NH3 molecules were 
unstable and removed in vacuum after overnight 
(~8 hours) pumping [fig. S3C (/4)]. Considering 
the high temperature of GNRs during e-annealing 
in NH3, we propose chemical reactions between 
GNRs and NH; leading to nitrogen function- 
alization, most likely at the more reactive edge 
carbon atoms (/5). As a result, n-doping was 
introduced by the electron-rich nitrogen species 
(8). We cannot rule out the possibility of C-N 
bond formation at defect sites within the GNR 
plane; however, defect density in our chemically 
derived GNRs was low, based on their compa- 
rable electrical properties (including mobility, 
estimated to be a few hundred to ~1000 cm?/Vs 
for GNRs wider than 20 nm) to similar-width 
lithographically patterned ribbons from pristine 
graphene (2). Furthermore, we carried out e- 
annealing of lithographically patterned GNRs 
from pristine peel-off graphene in NH3 and 
qualitatively observed the same behavior as that 
of chemically derived GNRs [fig. S4 (/4)]. These 
results suggest C—N formation most likely at the 
edge sites. Unlike the potassium doping approach 
(22), our doping approach introduced no appre- 
ciable charged impurities to degrade carrier mo- 
bility in GNR devices, as evidenced by similar 
p- and n-channel slopes in Jg.-V,, curves before 
and after e-annealing in NH; (Fig. 2, B and C). 

We theoretically investigated the effect of 
edge functionalization by calculating the band 
structure of GNRs terminated by oxygen- and 
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Fig. 3. Room temperature n-type graphene FETs. (A) /4;-V,; curves of the as-made GNRFET in vacuum 
(p-type, red) and after e-annealing in NH3 (n-type, blue). Vy, = 1 V for both curves. (B) /y;-Vgs curves 
of the same device. Red curves were taken on an as-made device: V,, = —40 V, —37 V, —34 V, -31V, 
and —28 V from top to bottom. Blue curves were taken on e-annealed device: V,, = 40 V, 35 V, 30 V, 
25 V, and 20 V from top to bottom. The nonlinear characteristics for both p- and n-type transistors 
near zero bias were due to finite SB for both electrons and holes by Ti contact used for this part of the 
work (24). Higher performance devices can be made by using higher (lower) work-function metals for 
p- (n-) type transistors and by heavily doping the contact regions, respectively. (Insets) AFM images of 
the device before and after e-annealing. Height was reduced by ~0.4 nm after e-annealing due to 
removal of PmPV coatings. (C) Calculated DOS of a semiconducting 21-armchair GNR (w ~ 2.5 nm) 
terminated by oxygen-containing groups (14). The red dashed line is the projected DOS (PDOS) on 
the carbon backbone, which clearly shows a p-type doping effect. (Inset) Two unit cells of the 
simulated GNR. There are one C=O and two C—OH groups in each unit cell. These edge groups are 
likely to coexist in real GNRs. E, energy; E-, Fermi energy. (D) Calculated DOS of a 21-armchair GNR 
with nitrogen-containing groups on the edge sites, which is an n-type semiconductor (14). The DOS in 
the range of interest is mainly from the carbon atoms, and the PDOS on the carbon backbone has 
negligible difference with the total DOS within the energy range of interest. (Inset) Two unit cells of 
the edge structures of the simulated GNR. There are one NH and two C—NHp groups in each unit cell. 
These edge groups are likely to coexist in real GNRs. 


nitrogen-containing species (/4). Calculations 
showed that GNRs with edge functionalization 
by oxygen and nitrogen species were p- and n- 
doped, respectively (Figs. 2D and 3, C and D), 
which agrees with the Dirac point shifts observed 
in experiments. P-doping was originated from a 
sub-band introduced near the Fermi level by edge 
C=O double bonds (Fig. 3C). A nitrogen atom 
bonded to two C atoms at the edges (that is, a N 
atom substituting a C atom at the edges, Figs. 2D 
and 3D) was the most effective in n-doping (8), 
whereas NH> groups terminating a GNR with 
perfect zigzag or armchair edges did not in- 
troduce n-doping (7). In real GNRs, however, the 


edges could be imperfect. N and NH substitution 
and NH termination could all be possible after 
e-annealing, which leads to an n-doping effect 
(Fig. 3D). The n-doping level was approximately 
proportional to the density of edge substitutional 
N atoms in GNRs (Fig. 2D, inset). Under the 
same density of edge substitutional N atoms, 
the calculated doping concentration per unit 
area was found to scale inversely with the GNR 
width, which results in the Fermi level closer to 
the Dirac point for wider ribbons. Although the 
calculated structures were not the same as GNRs 
in our experiments, our calculations did con- 
firm the possibility of “bulk” p- and n-doping of 
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Fig. 4. Spectroscopy of GS films thermally annealed in NH3 and Ar. (A) XPS on GS film thermally 
annealed in NH3 (blue) and Ar (red, control sample). The peaks around 285 and 399 eV are 
assigned as C and N peaks, respectively. (Inset) Zoom-in view of the XPS data near the N peak. The 
sample annealed in NH3 shows a clear N signal, whereas the control sample does not. (Sub-inset) 
Schematics of GSs thermally annealed in NH3. a.u., arbitrary units. (B) Relative ionic O/Cz, CH/C2, 
and CN/C, ratios detected by nanoSIMS (14). The sample annealed in NH3 has a much higher CN/C, 
ratio than the control sample, indicating C-N bonds formed during thermal annealing in NH3. The 
intensities and error bars are means and SEs from different regions of interest in the collection 
area. The finite N signal of control sample came from residual intercalant (tributyl ammonium 
hydroxide) used for making GSs (23). (Inset) Schematics of nanoSIMS experiment. 


GNRs (up to width w ~ 40 nm) by edge chemical 
groups. 

Direct spectroscopy of individual GNRs is 
difficult given the small quantity of the material 
and the limited spatial resolution of most spec- 
troscopic tools, so we carried out x-ray photo- 
electron spectroscopy (XPS) and nanometer-scale 
secondary ion mass spectroscopy (nanoSIMS) 
studies on graphene sheet (GS) films (23) ther- 
mally annealed in NH; (/4). Thermal reactions 
should give similar products as electrothermal 
reactions on graphene under similar reaction 
conditions. We thermally annealed a GS film 
under NH; to 1100°C and, as control, a similar 
film sample under Ar to 800°C. XPS data (Fig. 
4A) revealed that both samples showed similar 
C signals, indicating a similar amount of car- 
bon material measured. We observed a clear N 
signal on the sample annealed in NH3, whereas 
we detected no N signal on the control sample 
(Fig. 4A, inset). From nanoSIMS (Fig. 4B), the 
sample annealed in NH; showed similar O/C 
and C,H/C, but greater CN/C2 ratio than the 
control sample, suggesting C—N bond forma- 
tion in GSs by thermal annealing. Both XPS 
and nanoSIMS data provided spectroscopic evi- 
dence of N atoms incorporated into graphene 
during thermal annealing in NH3. Similar re- 
actions were expected during electrothermal 
annealing of graphene. C-N bond formation 
should occur predominantly on the edges and 
defect sites in the plane, where the C atoms are 
much more chemically reactive than in the plane 
of perfect graphene (/5). The observation of 
similar carrier mobilities after N-doping in our 
GNRs suggested no substantial bulk modifi- 
cation. However, the precise degree of bulk N 
substitution in graphene undergone reactions 


with NH; at various temperatures should be 
investigated systematically. 

Tuning the electronic properties of graphene 
by chemistry of the edges and/or defects will 
have a large impact on graphene properties and 
applications. Previously, we demonstrated p-type 
sub—10-nm GNRFETs with as-made GNRs (J, 2). 
In this experiment, we used the e-annealing ap- 
proach in NH; to demonstrate n-type sub—10-nm 
GNRFETs operating at room temperature (Fig. 3). 
We used lower work-function metal Ti as the con- 
tact metal with a S-nm Pd buffer layer to enhance 
electron conduction in the devices. As-made W< 
~5 nm GNRFETs were p-type with J,,//ogratio ~ 
10° (Fig. 3A), because of the aforementioned p- 
doping sources. We first e-annealed the GNRFETs 
in vacuum, after which the devices became ambi- 
polar [fig. S6 (/4)]. We then exposed the devices 
in NH3, followed by e-annealing in NH. After 
e-annealing in NH3, the GNRFET tured largely 
to n-type, with Jo, ~ 1 WA, Lon/Jopr ratio ~ 10°, and 
similar subthreshold slope as the as-made p-type 
GNRFETs. Physisorption of NH3 alone had only 
weak effect on transistor characteristics with small 
difference between Jg.-V,, curves in vacuum and 
NHs [fig. S6 (74)]. We never succeeded in making 
n-GNRFETs by simple NH; physisorption. The 
nonlinearity near zero bias in Jy,-Vg, curves for 
both n- and p-type transistors was due to finite 
Schottky barriers (SB) for both electrons and 
holes at Ti contacts (24). Ti contacts were used to 
observe a clear p- to n-FET evolution through the 
electrothermal reaction. For optimal device per- 
formances, one should use the highest and lowest 
possible work-function metal contacts for p- and 
n-type transistors respectively. Heavy doping at 
the contacts could also be invoked to improve 
performance. Ultra thin high-« dielectrics could 
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greatly improve the switching characteristics of 
p- and n-GNRFETs. 

We calculated the density of states (DOS) ofa 
semiconducting 21-armchair GNR (~2.5 nm 
wide) terminated by oxygen- and nitrogen- 
containing groups and observed p- and n-doping, 
respectively (Fig. 3, C and D), again confirming 
the edge chemical effects to the bulk properties of 
GNRs in the narrow-width regime. Taken to- 
gether, the ability to control graphene chemistry 
is an important step toward controlled graphene 
electronics. Our results suggest that edge doping 
represents a new approach to dope graphene rib- 
bons and affect its bulk properties, an interesting 
feature not likely in edge-free seamless carbon 
nanotubes. This technique, combined with pre- 
cise control of edge shape (i.e., zigzag or arm- 
chair), may lead to precise determination of GNR 
device characteristics in the future. The current 
work also opens new possibilities of doing fur- 
ther chemistry on graphene. 
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An Experimental Design Method 
Leading to Chemical Turing Patterns 


Judit Horvath,” Istvan Szalai,” Patrick De Kepper’* 


Chemical reaction-diffusion patterns often serve as prototypes for pattern formation in living 
systems, but only two isothermal single-phase reaction systems have produced sustained stationary 
reaction-diffusion patterns so far. We designed an experimental method to search for additional 
systems on the basis of three steps: (i) generate spatial bistability by operating autoactivated 
reactions in open spatial reactors; (ii) use an independent negative-feedback species to produce 
spatiotemporal oscillations; and (iii) induce a space-scale separation of the activatory and 
inhibitory processes with a low-mobility complexing agent. We successfully applied this method to 
a hydrogen-ion autoactivated reaction, the thiourea-iodate-sulfite (TulS) reaction, and noticeably 
produced stationary hexagonal arrays of spots and parallel stripes of pH patterns attributed to a 
Turing bifurcation. This method could be extended to biochemical reactions. 


hemical reaction-diffusion systems have 
( been intensively studied during the past 

decades (/), especially because of their 
potential relevance in the understanding of bio- 
logical rhythms and patterns (2, 3). However, 
stationary patterns have been observed in only 
two different single-phase chemical systems (4). 
The chemical mechanisms required for the de- 
velopment of stationary patterns are analogous to 
those for chemical oscillating reactions; that is, 
the systems must evolve far from thermodynamic 
equilibrium and involve competing positive and 
negative kinetic feedback processes. In the 
1980s, hundreds of variants of oscillatory reac- 
tions were discovered by operating autoacti- 
vatory reactions in well-stirred open reactors, 
reactors that exchange matter and energy with 
their environment, and the use of a systematic 
design method (5). This method subdivided the 
problem in more tractable elements: the search 
for steady-state bistability and subsequently for a 
suitable negative-feedback species. Although 
sustained stationary patterns were discovered 
in other physicochemical systems (6), the ob- 
servation of such patterns in solution chemistry 
remained limited to the chloriteiodide—malonic 
acid (CIMA) and ferrocyanide-iodate-sulfite 
(FIS) reactions for lack of an effective design 
method. These pioneer observations were the 
result of targeted research but not of a compre- 
hensive design (7, 8). Full comprehension came 
sometimes much later (9, /0). 

Taking advantage of the wealth of available 
oscillatory reactions, we proposed a systematic 
approach to stationary reaction-diffusion patterns 
that has led us to the second example of sustained 
Turing patterns (//) in a single-phase reaction 
system. The method relies on well-established 
theoretical analyses (3, 9, 12, 13) and on many 
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former experimental observations (/0, /4—/8). It 
is based on three features: (i) reactions that exhib- 
it steady-state bistability and sustained temporal 
oscillations when operated in a continuously fed 
stirred tank reactor (CSTR) generally lead to so- 


called spatial bistability (74) and spatiotemporal 
oscillations or waves when operated in a one- 
side-fed unstirred spatial reactor (OSFR) (19); (ii) 
reactions where the major negative feedback pro- 
cess is achieved by a species not involved in the 
activatory pathway are more flexible to control, 
therefore optimal for our purpose; and (ili) the 
space scale and time scale over which a process 
extends can be controlled by an appropriate com- 
plexing agent (9, 72, 13). 

The spatial bistability phenomenon has been 
observed for an increasing number of reactions 
(8, 10, 14-18). In most cases, the spatially bi- 
stable systems also display oscillatory spatio- 
temporal dynamics, even when the activatory 
and inhibitory processes rely on the same major 
reactants (17, 18). Symmetry-breaking patterns, 
whether they are stationary or unstationary, re- 
quire appropriate differences between the diffu- 
sion coefficients of some species. In case of a 
competition between one activatory and one in- 
hibitory species, the activator must have a lower 
diffusion coefficient (/-3, 9, 12, 13) and is 
referred to as short-range activation and, correl- 
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Fig. 1. Experimental observations in an annular 
OSFR. This OSFR is made of a thin, flat, 4 weight 
agarose gel (25 mm external diameter, width w = 
1 mm and height 0.7 mm). The outer rim is in 
contact with the contents of the CSTR. Fixed condi- 
tions are as follows: [KIO3]p = 75 mM, [NazSO3]p = 
89 mM, Bromocresol Green pH color indicator (pH 
5.4 to 3.8, blue to yellow) = 0.6 g/l, T= 30°C, and 
residence time of the CSTR t = 240 s. Gray-scale 
images were colorized (19) in accordance with the 
color change of the indicator. (A) Phase diagram of 
chemical states in the gel. A stable F state; V 
stable M state; ¢ oscillatory (Osc.) state. Blue and red curves indicate the limits of existence of the steady 
F and M states, respectively. Bist. indicates bistability domain. (B) A sector of the annular gel (colored 
part) with an interface between the M and F states in the spatial bistability domain. On the left, the sharp 
color switch (pH drop) from blue to yellow characterizes the M state. On the right, the quasi-uniformly 
blue part corresponds to the F state. Feed conditions are [Tulg = 1.0 mM and [H2SO,q]p = 2.0 mM. (C) 
Time-space plot illustrating the spatiotemporal oscillatory state at [Tu]y = 3.0 mM and [H2SOq]o = 
3.0 mM. The pH color indicator switching position moves periodically back and forth with a period of 
about 10 min. (D) Sequence of snapshots showing the development of a stationary low-pH pulse 
pattern when NaPAA is added. Time interval between snapshots is 200 s. Feed conditions are [Tu] = 
4.0 mM, [H2SOq]o = 3.70 mM, and [NaPAA]o = 6 mM (carboxylic function units). 


time —————> 
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atively, as long-range inhibition. When there are 
more than two independent variables, as in real 
chemical systems, short-range activation is still 
required, but the slow-diffusing species is not 
necessarily the major activator. The low-mobility 
requirement can be transferred to a species acting 
on the rate of the activatory process. Still, most 
oscillatory chemical reactions involve small- 
molecular-weight species with similar or inap- 
propriately differing (e.g., protons) diffusion 
coefficients. Short-range activation can be induced 
by adding a large-molecular-weight complexing 
agent that reversibly binds the activator, like 
starch or poly(vinyl alcohol) for triiodide or long- 
chain polycarboxylates for protons. Stationary 
patterns in the CIMA and FIS reactions, respec- 
tively, rely on the above agents (9, 70, 20). 
Theoretical models that use pool chemical 
approximation (i.e., fixed uniform reactant con- 
centration) (/, 3) or arrays of coupled flow-through 


Fig. 2. pH wave propa- 
gation in the disc OSFR. 
The disc (4 weight % 
agarose gel) has a thick- 
ness of 0.75 mm. Temper- 
ature and feed conditions 
are the same as in Fig. 1, 
except for [Tulp = 5.0 
mM and [H2SO,lp = 3.39 
mM. Colors are set to 
follow the pH color in- 
dicator changes opposite 
to the feed surface. Scale 
bar corresponds to 4.0 


reactors (2/) predict that chemical patterns can 
develop in simple bistable systems with appro- 
priate short-range activation properties (2/, 22). 
However, our observations on quite different 
reactions operated in real open spatial reactors 
show that the slowing down of the activatory 
process and of the activator in a simple spatially 
bistable system is not enough to produce sta- 
tionary patterns in an OSFR. These patterns were 
obtained only when a major negative feedback 
was provided by a substrate not involved in the 
activatory pathway, for example, malonic acid in 
the CIMA reaction family (7, /6, 20) and fer- 
rocyanide ions in the FIS reaction (8, /0). This 
second requirement in our method serves as a 
convenient way to considerably broaden the ex- 
perimentally accessible parameter space and 
helps to uncover conditions where stationary pat- 
terns develop. Analogously, the addition of in- 
dependent feedback species to an autoactivated 


mm. (A) Snapshot of a traveling low-pH wave. The wave spontaneously starts at a pacemaker region close to 
the bottom of the image and steadily propagates in all directions. However, the wave stops and fades away at 
a finite distance (2 mm) from the rim of the mask. (B) Time-space plot of pH changes across a narrow 
vertical section of the disc, following the direction of the white arrows on the snapshot. The wave period is 


8.0 min; the time span of the image is 28 min. 


Fig. 3. Stationary pat- 
terns observed in the disc 
OSFR. Experimental con- 
ditions and color code of 
pictures are as for Fig. 2. 
Scale bars equal 4.0 mm. 
(A) Hexagonal array of low- 
pH spots at [Tulp = 5.0 mM, 
[H2SOglp = 3.57 mM, and 
[NaPAA]p = 6 mM (carbox- 
ylic function units). The 
wavelength is 1 = 1.9 + 
0.1 mm. (B) Stripe pat- 
tern at [Tu]o = 4.5 mM, 
[H2SO4]> = 3.60 mM, and 
[NaPAA]) = 6 mM. The 
wavelength is A = 16 + 
0.07 mm. (C) Coexistence 
of spots and stripes at 
Mulo = 4.5 mM, [H2SO,]p = 
3.63 mM, and [NaPAA]p = 
6 mM. The wavelength 
is A = 1.9 + 0.1 mm. (D) 
Irregular branch pattern 


at [Tu]o = 3.0 mM, [H2SOg]p = 3.36 mM, and [NaPAA]p = 12 mM. The wavelength is 4 = 1.6 + 0.07 mm. 


REPORTS 


reaction operated in a CSTR had induced os- 
cillations or greatly broadened their range in sys- 
tems where the reactants of the positive feedback 
process were also driving a negative feedback 
(J). In an OSFR, we anticipate a more profound 
reason for the use of systems with an indepen- 
dently controlled inhibitory process: Lower effec- 
tive diffusion coefficient of the activator means a 
slower in- and outflux of this species at the feed 
boundary of the gel reactor while the influxes of 
the major feed reactants remain basically unchanged. 
This favors the accumulation of the activator even if 
its rate of production is slower. This conflicts with 
the targeted stabilization of a standing pulse of this 
species. The addition of a reactant, providing an 
independently tunable source or sink for the acti- 
vator that acts in opposition, enables one to com- 
pensate for the increased activation and helps to 
stabilize localized concentration patterns of the 
activator (23). The present empirical requirement 
is supported by numerical results obtained with 
different realistic kinetic models (24, 25). 

Below, we detail our systematic approach to 
the discovery of stationary patterns in the TulS 
reaction (26). When this reaction was operated in 
a CSTR, large-amplitude pH oscillations and 
bistability were observed between a high pH (7.0 
to 6.0), low extent of reaction steady-state branch 
and a low pH (= 3.0), high extent of reaction 
steady-state branch (/9). This oscillator has its 
basis in the proton autoactivated oxidation of 
sulfite ions by iodate (Eq. 1). The thiourea [Tu = 
SC(NH3),] introduces a negative feedback on 
this proton production through its oxidation to 
formamidine disulfide (Tu5*) (Eq. 2). 


103 + 3HSO3 > 3807 +1 +3H* ~~ (11) 
103+ 6H’ + 6Tu > 1 + 3Tw'+3H5O = (2) 


We made use of two different geometries of 
gel OSFRs (19), either a flat annular or a thin 
disc-shaped inert piece of gel, respectively, in con- 
tact with the contents of a CSTR through the ex- 
ternal rim or one circular face. The pieces of gels, 
which are inert porous media where any collective 
fluid motion is quenched, allow the undisturbed 
development of reaction-diffusion patterns in their 
core. All of the chemicals, that is, reagents and 
products, are diffusively exchanged at the contact 
area with the CSTR. The spatial studies were per- 
formed with CSTR contents belonging to the 
low extent of reaction steady-state branch, (the 
stable high pH branch), which insured far-from- 
equilibrium conditions at the feed boundary of 
the OSFRs. A pH color indicator was also 
supplied with the feed solutions. The two reactors 
provide complementary orthogonal views of the 
patterns and enable one to understand their three- 
dimensional (3D) structure. The annular OSFR 
allows a direct view of the concentration profiles 
that develop between the feed boundary and the 
opposite impermeable side, whereas in the disc 
OSFR we can see the integrated color changes 
across the disc (/9). 
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Fig. 4. Dynamics of pattern development in the Turing domain. Conditions are [Tulp = 5.0 mM, [H2SOx]o = 
3.54 mM, and [NaPAA], = 12 mM (carboxylic function units). (A) Hexagonal-type planform array of low-pH 
spots; picture taken 2 hours after a supercritical change of [H2SO,]o. The wavelength is 4 = 1.5 + 0.07 mm. 
The scale bar is 4.0 mm. (B) Time-space plot along the vertical section of the disc indicated by arrows in (A). 
For technical reasons (79), the patterns preferentially start to develop at the circumference of the disc and 
gradually invade the entire disc. The time span of the image is 100 min. 


We began by searching for spatial bistability, the 
simplest nonlinear phenomenon expected from an 
autoactivated reaction, using the annular OSFR 
(79). For the sake of simplicity, the dynamics of 
the system were first explored in the absence of 
the feedback species, here thiourea. The remaining 
iodate-sulfite subsystem was already known to 
produce spatial bistability (16). However, the iodate 
and sulfite feed concentrations and also their ratios 
are higher than in the previous work to keep the pH 
changes large enough even when the Tu is added. 
The sulfuric acid feed concentration, a parameter 
which controls the pH of the input solution and 
thereby the induction time (/, /7) of the reaction, was 
used as an expandable parameter (Fig. 1A). Two 
very different steady acid concentration profiles can 
develop orthogonally between the feed boundary 
and the opposite side. One, at low [H2SOx]p (27), is 
characterized by the quasi-uniform blue color of the 
pH indicator (hereafter the F state). The other, at 
high [HjSOy]o, is characterized by a steep color 
change from blue to yellow parallel to the rim of the 
annulus (hereafter the M state). These are illustrated 
by the right and left parts of Fig. 1B, respectively. 
The stability domains of these two states overlap for 
1.5 mM < [H,SOq]o < 2.5 mM, which is the 
required spatial bistability phenomenon. 

We then introduced Tu into the feed and 
noted that the extent of the spatial bistability 
domain, as a function of [H2SO4]o, decreased and 
eventually vanished at [Tu]o = 2 mM (Fig. 1A). 
Above this critical [Tu]o, the F and M steady- 
state domains were separated by a domain of 
oscillatory spatial states (Fig. 1C) that manifested 
as periodic rapid expansions of the pH indicator 
color switch position followed by its slow decay. 
Under similar conditions, oscillations in the disc 
OSFR organized in periodic low pH traveling 
waves (Fig. 2). The cross-shaped topology of the 
phase diagram is a checkpoint in the method. The 
onset of the oscillatory dynamics is the sign 
attesting that the feedback process reached an 
appropriate amplitude in the gel reactor. 

In the final stage, we added sodium polyacrylate 
(NaPAA) in the feed solution, the low-mobility 
complexing agent that reversibly binds the activator, 
the proton. Its carboxylate functional groups have 
pX, (where K, is the acid dissociation constant) 


values in the range of 5 that is above the typical pH 
of the acid part of the M state and can efficiently 
bind protons. The most rewarding observations were 
uncovered for parameter conditions corresponding, 
in the absence of NaPAA, to the domain of spatio- 
temporal oscillations, in the vicinity of the crosspoint 
of the stability limits of the F and M states (Fig. 1A). 
The addition of sufficient concentrations of NaPAA 
quenched the oscillations, and, eventually, station- 
ary patterns emerged spontaneously (Fig. 1D). Sta- 
tionary patterns were often preceded by precursor 
signs such as the slowing down and the repulsion of 
colliding fronts when NaPAA was introduced. 

We next used the disc OSFR to observe the 
pattern arrangement in a 2D extended reactor (/9). 
We obtained stationary patterns for [NaPAA], = 
6 mM and [Tu] > 3 mM (Fig. 3). Noticeably, for 
[Tu]o = 4.5 mM, we observed patterns that 
present planforms (Fig. 3, A to C) and dynamics 
of development typical of a Turing bifurcation. 
Starting from the uniform F state, a supercritical 
increase of [H2SOx]o first led to the spread of 
low-pH spots that tended to organize in a hex- 
agonal array (Fig. 3A). On further gradual in- 
crease of [H2SO,]o, the array of spots changed 
into parallel stripes (Fig. 3B) and, ultimately, to a 
hexagonal array of high-pH spots in a low-pH 
background (Fig. 3C) before the system turned 
into the uniform M state. The above patterns are 
the three standard 2D planforms expected from a 
Turing bifurcation (3, 6). 

The reverse changes in [H2SO,]o reversed the 
pattern sequence. The range of [H,SO,]o over 
which these patterns develop was narrow and 
shifted to higher values with increasing [Tu]o or 
the use of thinner discs (19). Within the accuracy 
of our experimental steps (changes of ~0.02 
mM), no hysteresis was observed at the onset of 
both hexagonal array of spots. At the minimal 
step increment, the spot array started to grow at 
locations near the circumference of the disc, 
where, for technical reasons, the boundary con- 
ditions differed from the rest of the disc (/9). The 
theoretically (3, 6) expected subcritical domain of 
hexagon patterns is often very narrow and be- 
yond experimental accuracy (20). Yet, as ex- 
pected for a system close to or in the subcritical 
Turing region, patterns developed through the 


emergence of spots in the vicinity of existing ones 
at a well-defined distance and position to produce 
a hexagonal planform. This well-organized pattern 
growth is illustrated in the time-space plot (Fig. 4). 

Besides the Turing-type bifurcation to stationary 
patterns, other scenarios were also observed. Es- 
pecially at feed compositions near the crosspoint 
in Fig. 1A, irregular highly branched patterns 
(Fig. 3D) formed through a complex mixture of 
coalescence of patches and finger growth mech- 
anism, reminiscent of Ising and Bloch front insta- 
bilities (22). No stationary patterns were observed 
for [Tu]o = 6 mM nor for [Tu]o < 2.5 mM. 

The present design method can be used to 
explore the pattern-forming capacity of other 
known oscillatory reactions. It may require tech- 
nical adjustments in specific systems, for exam- 
ple, down-scaling the thickness (w) of the reactor 
and the use of more elaborated optical monitor- 
ing techniques, but we believe that we have 
identified the major steps for the design of sta- 
tionary patterns in a large number of oscillatory 
reactions. The approach is mostly phenomeno- 
logical. Apart from the identification of two 
appropriate species governing, respectively, the 
positive and negative feedback processes of the 
oscillatory reaction, the method requires no de- 
tailed knowledge of the reaction mechanism. The 
appropriateness of the negative feedback level is 
guided by the topology (1.e., cross-shaped) of the 
OSFR phase diagram, and the efficiency of the 
requested short-range activatory process is tested 
by the growing repulsions between colliding 
fronts when an appropriate low-mobility player is 
introduced. The most limiting factor to our meth- 
od is the ability to find low-mobility complexing 
agents that would selectively, or at least prefer- 
entially, bind a species controlling the positive 
feedback mechanism. In addition, to quench the 
oscillations the complexed form of the activator 
has to be kinetically less active than the free form 
in order to decrease its effective evolution time to 
or below that of the species controlling the in- 
hibitory process. For protons, hydroxide ions, 
polyiodide ions, and diiodine, many complexing 
agents are available. For other activatory species, 
such as BrO, or HBrO, in the Belousov- 
Zhabotinsky reaction (28), it can be a nontrivial 
problem to solve. Note that, if one starts with a 
system in which the inhibitory process already 
evolves faster than the activation, there would be 
no oscillations and the complexed form of the 
activator could be as active as its free form. 
Although some stationary patterns might also be 
obtained (22) in such systems, a general theoret- 
ical analysis predicts that, when using complex- 
ing agents to generate appropriate effective 
diffusion differences, a Turing bifurcation is only 
obtained if the system undergoes a Hopf bifurca- 
tion to oscillations when the complexing agent is 
decreased (/3). Our observations are consistent 
with this prediction. 

Our method, with separated well-defined 
checkpoints, should allow for extensions into bio- 
chemical reactions, such as the glycolytic path- 
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way, where adenosine diphosphate and adenosine 
triphosphate play the role of an activator and an 
inhibitor, respectively. Recent model studies (/2) 
have shown that the presence of low-mobility 
enzymes such as phosphofructokinase can in- 
duce a short-range activation process suitable for 
the development of Turing patterns even when 
the complex is not inert. 
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An Observation Linking the 
Origin of Plasmaspheric Hiss to 
Discrete Chorus Emissions 


]. Bortnik,** W. Li,* R. M. Thorne,* V. Angelopoulos,* C. Cully,* J. Bonnell,* 


O. Le Contel,> A. Roux? 


A long-standing problem in the field of space physics has been the origin of plasmaspheric hiss, 
a naturally occurring electromagnetic wave in the high-density plasmasphere (roughly within 
20,000 kilometers of Earth) that is known to remove the high-energy Van Allen Belt electrons 
that pose a threat to satellites and astronauts. A recent theory tied the origin of plasmaspheric hiss 
to a seemingly different wave in the outer magnetosphere, but this theory was difficult to test 
because of a challenging set of observational requirements. Here we report on the experimental 
verification of the theory, made with a five-satellite NASA mission. This confirmation will allow 
modeling of plasmaspheric hiss and its effects on the high-energy radiation environment. 


aturally occurring electromagnetic waves 
are known to play a dominant role in the 
dynamics of Earth’s radiation belts, a 
zone of high-energy electrons that are trapped by 
Earth’s magnetic field (J—5). One important class 
of such waves is plasmaspheric hiss (6, 7), which 
is responsible for creating a relatively empty zone, 
called the slot region, between the inner and outer 
belts, thus shaping the large-scale structure of the 
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radiation belts (3, 4). This incoherent band of 
waves was discovered in the late 1960s (8—1/), 
spans from ~200 Hz to 2 kHz, and was named 
plasmaspheric hiss because of its confinement 
within the high-density plasmasphere, and its 
unstructured “hissy” nature. Despite the recog- 
nized importance of plasmaspheric hiss, its ori- 
gin has proven remarkably difficult to identify. 
Here we describe an experimental observation 
that unambiguously links plasmaspheric hiss to 
a different and seemingly unrelated wave type, 
called chorus, occurring in distant regions of the 
magnetosphere. 

Unlike plasmaspheric hiss, chorus occurs outside 
the plasmasphere as short (~0.1-s) coherent pulses in 
the frequency range from 0.1 /,, to 0.6 f,. (where fi. 
is the frequency with which electrons gyrate 
about Earth’s magnetic field line and is pro- 
portional to the magnetic field intensity) (72—/5). 


Recent modeling shows that a fraction of chorus 
energy can propagate from its equatorial source 
region to high latitudes, avoid Landau damping, 
and refract into the plasmasphere, where it 
merges into the incoherent band of hiss (7). To 
do so, the chorus waves must originate from a 
spatial region between L ~ 4 and 7 (where the L 
value roughly tags a certain magnetic field line 
by the radial distance in Earth radii of its equa- 
torial crossing), in the lower range of frequencies 
(~0.1 fe to 0.3 f-), with wave normals pointed 
toward lower L (Wo ~ —30° to —60°, where wo is 
the angle formed between the wave vector k, 
normal to the plane of the wave, and Earth’s 
magnetic field). The predictions of this model are 
consistent with previously reported statistical 
observations of hiss, but a direct experimental 
test is challenging, because it requires simulta- 
neous observations with at least two satellites 
equipped with high-resolution wave instruments 
capable of unambiguously detecting chorus and 
hiss: one located near the equatorial source 
region of chorus and the other in the plas- 
masphere, at approximately the same local time 
(which should coincide with the local time in 
which chorus and hiss both occur) and in the 
same frequency band, during geomagnetically 
active conditions. Such an experimental situa- 
tion was serendipitously achieved with NASA’s 
five-satellite THEMIS (Time History of Events 
and Macroscale Interactions during Substorms) 
mission (/6). 

At ~04:00 UT on 4 October 2008, THEMIS E 
was located on the day side, in the low-density 
region outside the plasmasphere (Fig. 1C), and 
was observing waves with both electric and mag- 
netic components (Fig. 1, A and B), which were 
in the range from ~0.1 /. to 0.6 f. and thus con- 
sistent with chorus. Simultaneously, THEMIS D 
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was located on the day side in the high-density 
plasmasphere and was observing electromagnetic 
waves (Fig. 1, D and E) in the frequency range 
from ~100 Hz to 1 kHz, which were not scaled to 
the gyrofrequency and are consistent with hiss. 

Using low-resolution data, it is not possible to 
determine whether there exists a correlation be- 
tween chorus and hiss (Fig. 1). However, in the 
time interval from 03:54 to 04:00 UT (gray block 
in Fig. 1, C and F), both satellites switched into a 
high-resolution burst-collection mode (/6), re- 
vealing that the waves recorded on THEMIS E 
(Fig. 2A) are discrete chorus elements, in the fre- 
quency range from ~700 Hz to 2 kHz (~0.17 to 
0.5 fee), With predominantly oblique wave normal 
angles (Fig. 2B). THEMIS D was simultaneously 
observing waves between a few 100 Hz and ~2 kHz, 
exhibiting the typical structureless ft (frequency- 
time) signature indicative of plasmaspheric hiss 
(Fig. 2C). 

In the most intense portion of the chorus spec- 
trum (~0.3 f..), there is a clear correspondence be- 
tween the chorus (THEMIS E) and hiss (THEMIS 
D) wave power (Fig. 2D), even though the two 
satellites are separated radially by ~3.2 Rp (Rp, Earth 
radius) (~20,400 km) and by ~2.9 hours in local 
time. Almost every chorus element (Fig. 2D, red 
trace) results in an increase in hiss power (blue 
trace), which decays away with a time constant of 
~10 s. The correspondence is most evident near the 
beginning of the period (03:54 UT), possibly be- 
cause the longitudinal separation is at a minimum 
[magnetic local time (MLT) difference, ~2.78 hours] 
and diminishes toward the end of the period, when 
the longitudinal separation increases (MLT differ- 
ence, ~3.05). It is possible that the ~3-hour MLT 
longitudinal separation between spacecraft is the 
maximum separation at which a correspondence be- 
tween chorus and hiss can be observed, and as such 
this coincidental measurement is even more fortu- 
itous. Alternatively, it is possible that the high chorus 
wave normals (y ~ —60° to —40°) near the begin- 
ning of the period (Fig. 2B) are more conducive 
to producing hiss than are the lower wave normals 
(y ~ —50° to —10°) in the later part. The average 
power levels of chorus and hiss are comparable 
(especially in the earlier part of the observation), 
but the hiss intensity is weaker than that of the 
individual chorus elements by a factor of ~100. The 
results of a frequency-resolved cross-covariance 
analysis (Fig. 3) indicate that the correlation is 
strongest [correlation coefficient (7) ~ 0.7] in the 
most intense spectral portion of the chorus (~1200 
to 1650 Hz) and occurs when the hiss waveform 
lags behind the chorus waveform by ~1 to 7 s. The 
intense hiss spectrum at ~100 to 700 Hz (Fig. 2C) is 
expected to be generated by chorus at L > 6 (that is, 
regions of lower f,.), as suggested in Fig. 1. 

Theoretical analysis similar to that of (7) 
showed that a group of rays representing chorus, 
initiated near the location of THEMIS E (LZ = 6), 
was able to propagate into the plasmasphere and 
be observed near the location of THEMIS D (Z= 
2.8) (Fig. 4). The key angular range of rays that 
entered the plasmasphere and evolved into plasma- 
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Fig. 1. A 6-hour overview plot of simultaneous data recorded by THEMIS E [(A) to (C)] and THEMIS D [(D) 
to (F)] on 4 October 2008. (A and D) The wave electric field intensity and (B and E) the wave magnetic 
field intensity in six frequency bins from 2 Hz to 4 kHz. (C and F) The spacecraft electric potential, which 
acts as a proxy for the electron density. The x axis labels indicate each satellite’s universal time (UT) local L 
value; the magnetic latitude (MLAT), which is the latitude of each spacecraft relative to the geomagnetic 
equator; and MLT, which is the local time of the equatorial crossing of the magnetic field line passing 


through the satellite and can be slightly different from 


the actual local time. The white lines in (A) and (B) 


and (D) and (E) represent fractions of the equatorial gyrofrequency (f,.) corresponding to 1, 0.5, and 0.1, 


represented by solid, dash-dotted, and dashed lines, 


respectively. The inferred plasmapause crossing 


based on spacecraft potential is shown in (C) and (F). The magnetic signal <20 Hz [(B) and (E)] at low Z is 
due to contamination from Earth’s geomagnetic field. 


spheric hiss was Wo ~—49.5° to —46.5° (similar to 
the measured angles in Fig. 2B), with waves at 
Wo < —50° becoming Landau-damped before 
reaching the plasmasphere, and waves with wo 
>—46° being unable to refract into the plasma- 
sphere and instead propagating to the ground 
(Fig. 4A, green and yellow rays) or refracting 


toward higher L shells (red rays) and possibly 
forming a different emission called extremely 
low-frequency (ELF) hiss (/7). 

To further quantify the approximate time scale 
of chorus entry into the plasmasphere, we traced 
a single ray for its entire lifetime (Fig. 4B), from 
initiation at ¢= 0 s to termination at ¢= 20 s. Using 
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Fig. 2. High-resolution data from the two THEMIS 
spacecraft from 03:54 to 04:00 UT, corresponding 
to Fig. 1. (A) Wave magnetic field data recorded 
by THEMIS E, in the range from 20 Hz to 4 kHz. (B) 
Corresponding wave normal angle estimates of the 
intense chorus elements in the range from 300 Hz 
to 3 kHz, calculated using (29). (C) THEMIS D data 
shown as in (A). (D) Frequency-averaged magnetic 
field intensity in the frequency band from 1200 to 
1650 Hz, for THEMIS E (red trace) and D (blue 
trace). The ephemeris of each spacecraft is shown 
on the x axes of (A) and (C) in the same format as 
Fig. 1. The white dashed line in (A) and (C) corre- 
sponds to the local lower hybrid resonance fre- 
quency (f,4R); the white solid and dotted lines in 
(A) are 0.1 and 0.5 fce, respectively; and signals 
below ~200 Hz suffer from instrumental noise. 
High-resolution wave electric field data correspond- 
ing to (A) and (B) were also recorded by THEMIS E 
and D and look similar to the magnetic field data 
(not shown in the figure). 


this representative ray, we found that the ray en- 
tered the plasmasphere at approximately ¢ = 1 s 
and crossed the geomagnetic equator at t = 2 s, 
near L = 3. This is in agreement with observations 
by THEMIS D (Fig. 2), which was located at L ~ 
2.8 during the period of hiss observation and ac- 
cording to our model would have recorded the first 
entry of the chorus wave power at roughly ¢ ~ 2 s 
after chorus was excited. The ray then continued to 
propagate and filled the entire plasmasphere (Fig. 
4B, solid gray oval). It experienced a magneto- 
spheric reflection at ¢ ~ 3 s, reflected off the plas- 
mapause at t ~ 4.5 s, and recirculated back to lower 
L. Att~ 7.5 s, the ray returned again to the geo- 
magnetic equator, at L ~ 2.5, and would have been 
sensed again by a satellite at that location. There- 
after, the ray continued to propagate and was com- 
pletely damped at t= 20 s. The relevant time scales 
for observing chorus wave power appearing inside 
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the plasmasphere and propagating multiple times 
across the equator in the vicinity of L ~2.8 is t~2 
to 7 s for the entire group of rays shown in Fig. 4A. 
Comparing Fig. 4B to Fig. 3, the peak correla- 
tion between the hiss and chorus waveforms 


analysis in 16 frequency channels between 700 Hz 
and 2.2 kHz is shown as a function of time lag, 
positive values indicating that THEMIS D data (hiss) 
lags behind THEMIS E data (chorus). The time-series 
data are taken from the first 3 min (03:54 to 03:57 
UT) of the wave magnetic intensity in Fig. 2, A and B, 
because this gives slightly more resolved time lags 
than would using the entire 6-min interval. The 
time series in each frequency band is normalized 
so that the autocovariance is 1 at zero lag. 


occurs with a ~2- to 7-s lag, in direct agreement 
with the theory. 

The high-resolution observation made by the 
THEMIS satellites directly supports the theory of 
the origin of plasmaspheric hiss, which involves 
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Fig. 4. Ray-tracing model of chorus and hiss. (A) 
Ray paths representing chorus are initiated at the 
equator, at L = 6, f = 0.21 fie (~855 Hz), in the 
range Wo = —50° to 0° (gray ray paths), plotted at 
every 0.1°, with the key wave normal range Wo = 
—50° to —45° that enters the plasmasphere shown in 
color. The corresponding color scale indicates the 
initial wave normal angle of each ray in degrees. (B) 
A single ray from the group shown in (A) is dis- 
played, with wo = —48°. The red circles indicate 
group time in seconds, from the time of ray initiation 
t= 0s. The day-side cold plasma density is modeled 
according to (20), with the plasmapause located at 
L = 4.5, for consistency with the THEMIS observa- 
tions; and the L-dependent suprathermal flux model 
was used as in (7, 21) for active conditions. Each ray 
in (A) and (B) is plotted only while its power is above 
1% of its initial value, so that in the case of (B), the 
ray duration is ~20 s. 


the propagation and evolution of discrete chorus 
elements from their source region outside the 
plasmasphere into the incoherent noise band that 


Earth radii 


characterizes plasmaspheric hiss, inside the plasma- 
sphere. Understanding the origin of hiss will enable 
space physicists to calculate spatial maps of hiss 


characteristics and in turn predict the effect of hiss 
on the radiation belt electrons that are a known 
hazard to astronauts and to a variety of techno- 
logical systems in space (/8). 
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The Role of Aerosols in the 
Evolution of Tropical North Atlantic 
Ocean Temperature Anomalies 


Amato T. Evan,”’2* Daniel J. Vimont,? Andrew K. Heidinger,? James P. Kossin,* Ralf Bennartz” 


Observations and models show that northern tropical Atlantic surface temperatures are sensitive 
to regional changes in stratospheric volcanic and tropospheric mineral aerosols. However, it is 
unknown whether the temporal variability of these aerosols is a key factor in the evolution of 
ocean temperature anomalies. We used a simple physical model, incorporating 26 years of satellite 
data, to estimate the temperature response of the ocean mixed layer to changes in aerosol 
loadings. Our results suggest that the mixed layer’s response to regional variability in aerosols 
accounts for 69% of the recent upward trend, and 67% of the detrended and 5-year low 
pass—filtered variance, in northern tropical Atlantic Ocean temperatures. 


temperatures have been rising at a rate 

of nearly 0.25°C per decade (/). Studies 
have attributed this increase, explicitly and im- 
plicitly, to global warming (2, 3), mean Northern 
Hemisphere temperature variations (4), changes 
in the thermohaline circulation (5, 6), or some 
combination of these factors (7). However, many 


S ince 1980, tropical North Atlantic Ocean 


of these studies fail to provide either a mechanism 
for or direct evidence of how these variables con- 
trol tropical North Atlantic Ocean temperatures. 
At the same time, models (8) and observations 
(/, 9) demonstrate that local changes in aerosol 
cover should have a non-negligible impact on 
Atlantic Ocean temperature via the scattering of 
sunlight and reduction in surface solar insolation. 


The tropical North Atlantic is unique among 
tropical ocean basins because of its oftentimes ex- 
tensive and heavy aerosol cover (/0), a consequence 
of bemg downwind of West Africa, the world’s 
largest dust source (/7). Annual North African dust 
emission and deposition to the North Atlantic have 
been estimated to be 240 to 1600 Tg and 140 to 
259 Tg, respectively (/2), with the peak in West 
African dust production occurring during the boreal 
summer months (/3). A smoothed time series of 
northern tropical Atlantic dust cover (Fig. 1) shows 
a maximum and minimum in dust activity that oc- 
curred in 1985 and 2005, respectively, and a down- 
ward trend in dust optical depth over the record. It 
has been shown that during both the summer (/4) 
and winter seasons (/5) these year-to-year changes 
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in dust cover are related to variations in previous- 
year Sahelian precipitation. Additionally, winter- 
time dust production is strongly related to the 
strength of the North Atlantic Oscillation (/6) 
and, to a lesser extent, the El Nifio—Southern 
Oscillation (/5). 

Evan et al. (9) used satellite retrievals of aero- 
sol optical thickness (AOT) from the Advanced 


Very High Resolution Radiometer (/7) as the 
input to a shortwave radiative transfer model 
that estimated the change in surface solar ra- 
diation and the associated instantaneous cool- 
ing of sea surface temperatures (SSTs) by dust. 
Here, we update those methods by also esti- 
mating the longwave surface forcing by dust, 
including the radiative impact of stratospheric 


REPORTS 


aerosols in our analysis (/8), and using a sto- 
chastic ocean temperature model with a variable 
mixed layer depth (19), to calculate the response 
of local SSTs to radiative forcing by dust and 
volcanic aerosols (20). We force our model with 
satellite observations of aerosols over the 1982— 
2007 period to estimate how the temperature of 
the ocean mixed layer responds to month-to- 


ZC 
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Fig. 1. Map of the mixed layer re- 
sponse to the presence of dust and vol- 
canic aerosols and time series of aerosol 
optical depth. Estimations of mixed layer 
temperature response to surface radia- 
tive forcing by mineral dust and strato- 
spheric volcanic aerosols are averaged 
over the 1982-2007 period and have a 
spatial resolution of 0.5°. The inset plot 
is a time series of annual mean monthly 
dust optical depth (thin black line) and 
stratospheric aerosol optical depth (thick 
black line), both averaged over the 
northern tropical Atlantic (0° to 30°N, 
15° to 65°W). 


month changes in tropospheric mineral dust and 
stratospheric volcanic aerosols (2/). 

From the model output, the spatial pattern of the 
mixed layer response to aerosol surface forcing 
(Fig. 1) is strongly indicative of the distribution of 
dust (fig. S1) and cloud cover (fig. S5), and of 
ocean mixed layer depth (fig. S6) (20). Aerosols 
exert their strongest influence on ocean temper- 
atures along the coast of West Africa and extending 
westward between roughly 10° and 20°N; across 
the tropical North Atlantic, climatological cooling 
of the ocean mixed layer by aerosols ranges from 
—0.1° to -2.0°C (Fig. 1). 

An annual time series of the mixed layer tem- 
perature response to local changes in dust and 
stratospheric aerosols, averaged over the tropical 
North Atlantic (0° to 30°N and 15° to 65°W), 
shows that mean cooling can range from —1.1° 
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Fig. 2. Time series of mixed layer response to dust and stratospheric aerosol forcing (A) and —0.6 


observed SST anomalies (B). Data for both are averaged over the tropical North Atlantic (0° to 30°N, 
15° to 65°W). In each panel the dashed line represents the annual mean values, the thin solid line is 
the climatological mean, the dotted line is the linear least-squares trend, and the thick black line is the 
annual mean time series processed with a 1-4-6-4-1 filter. The red and blue regions correspond to 


periods that are above and below the climatological mean, respectively. 


Table 1. Sensitivities in estimating aerosol forcing of tropical North 
Atlantic Ocean temperatures. The first row gives the mean SST forcing by 
dust and stratospheric aerosols estimated by (from left to right) the 
standard model without any modifications, increasing and decreasing 
cloud cover by 5%, decreasing and increasing AOT by 0.1, deepening and 
shoaling the mixed layer depth (MLD) by 5 m, and using an upper and 
lower limit on the so-called feedback parameter (A) in the stochastic 
temperature model (20). The remaining rows report the percent of the 


1985 1995 2005 


Fig. 3. Anomaly time series of observed SST (Fig. 
2B) minus the aerosol forced component (Fig. 2A). 
Description is otherwise the same as for Fig. 2. 


variance in the detrended and smoothed SST time series that is due to 
stratospheric aerosols, the percent reduction in the SST trend when effects 
from stratospheric aerosols are removed, and the SST trend when effects 
from stratospheric aerosols are removed (the residual SST); the values in 
parentheses take into account both dust and stratospheric aerosols. All 
values are from time series averaged over the northern tropical Atlantic 
(0° to 30°N and 15° to 65°W). Note that the trend in observed SST over 
this region is 0.25°C per decade (Fig. 2B). 


Standard Clouds Clouds AOT AOT MLD MLD Xr Xx 
case (+5%) (-5%) (-0.1) (+0.1) (+5 m) (-5 m) (upper) (lower) 
Mean forcing (°C) —0.70 —0.62 —0.78 0.31 —1.31 —0.56 -0.95 —0.62 -0.79 
Reduction in variance (%) 55 (67) 56 (66) 52 (66) 54 (64) 56 (68) 56 (65) 43 (60) 56 (66) 52 (67) 
Reduction in SST trend (%) 46 (69) 41 (61) 52 (77) 48 (69) 44 (64) 37 (56) 61 (93) 42 (63) 52 (77) 


Residual SST trend 
(°C/decade) 


0.14* (0.08) 0.15* (0.10) 


0.12* (0.06) 0.13* (0.08) 0.14* (0.09) 


0.16* (0.11*) 0.10 (0.02) 0.14* (0.09) 0.12* (0.06) 


*Trends statistically significant at the 95% level (23). 
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Fig. 4. Map of linear trends in observed SST (A) and the residual SST (B). Trends are calculated 
from the annual mean time series at each 0.5° grid cell over the 1982—2007 period. Hatched areas 
represent regions with linear trends that are statistically significant at the 95% level (23). The area 
enclosed by thick black lines (i.e., the oceanic regions of 0° to 30°N and 15° to 65°W) represents 
the region over which mean time series are calculated (Figs. 2 and 3), and in (B) is the area where 
the aerosol direct effect and its impact on ocean temperatures have been estimated. 


2005, respectively (Fig. 2A). Cooling in 1992 
was slightly less than that in 1983, both reflect- 
ing increases in stratospheric aerosols after 
volcanic eruptions of El Chichon and Mount 
Pinatubo, respectively (Fig. 1). The anomalous- 
ly weak cooling of 2005 is caused by the mini- 
mum in dust cover observed for that year 
(Fig. 1). A 5-year smoothed (using a 1-4-6- 
4-1 filter) version of the annual mean time series 
highlights the two similar periods of anomalous 
cooling and the anomalous warming at the end 
of the record (Fig. 2A). A trend based on the 
linear least-squares fit of the annual time series 
gives a weakening in the magnitude of aerosol 
cooling of 0.18°C per decade (Fig. 2A). 

To contrast our estimation of the ocean mixed 
layer response to changes in aerosol loadings 
with observed SSTs, we plotted the time series of 
the northern tropical Atlantic SST anomaly using 
the Hadley Centre HadSST data set (22) (Fig. 
2B). Over the past 26 years, the range of SST 
anomalies is 1.0°C, from —0.5°C in 1986 to 0.5°C 
in 2005, with a linear trend of 0.25°C per decade, 
significant at the 99.9% level (23). The 5-year 
smoothed SST series shows periods of anoma- 
lous cooling and warming that are separated at 
1995, a point thought to represent the transition 
from negative to positive phase of the Atlantic 
Multidecadal Oscillation (6). 

The smoothed versions of the modeled mixed 
layer temperature response to aerosols (Fig. 2A) 
and the observed SST anomalies (Fig. 2B) are 
very similar; both show local minimums in the 
early 1980s and early 1990s, in addition to a 
maximum in temperature in 2005. The plot of 
the temperature response to aerosols also ex- 
hibits a transition from generally negative to 
positive anomalies around 1995 but does not 
exhibit the local maximum around 1997, and 
the maximum in 2005 is about 0.1°C cooler than 
is that from the Hadley Centre SST observations. 


To better determine the extent to which aero- 
sols have contributed to the evolution of this 
tropical North Atlantic temperature anomaly, we 
subtracted our monthly estimates of the oceanic 
cooling by dust and stratospheric aerosols from 
the observed tropical North Atlantic SST and 
plotted the anomaly of the residual (Fig. 3). This 
is our estimation of variability in northern trop- 
ical Atlantic SST that is not directly driven by 
local changes in aerosols, which we term the 
residual SST. The trend in the residual SST time 
series is 0.08°C per decade (Table 1 and Fig. 3), 
weaker than the trend in observed SST by 0.17°C 
per decade (Fig. 2B) and not statistically sig- 
nificant (23). These calculations suggest that 
69% of the recent upward trend in northern 
tropical Atlantic SST is due to changes in aero- 
sols. Separating by aerosol type, 46% of the trend 
in SST here is driven by changes in stratospheric 
volcanic aerosols, and 23% of the trend is driven 
by changes in tropospheric mineral aerosols 
(Table 1). The 5-year smoothed residual SST 
exhibits a less pronounced transition than is 
seen in the observations from anomalously 
cool to warm temperatures in 1995 (Fig. 2B). In 
the residual SST, the anomalous warming of 
2005 has a magnitude that is roughly half of 
what is seen in the observations, consistent 
with previous studies suggesting that changes 
in surface solar insolation played a role in the 
warming during those summer months (9, 24). 

To quantify the overall importance of changes 
in aerosols to the evolution of the SST time 
series, in addition to the percent reduction in the 
trend, we also report the percent variance at- 
tributable to aerosol variability in the detrended, 
5-year smoothed ocean temperature time series. 
This is defined as 1 — [(detrended residual low- 
frequency variance)/(detrended observed low- 
frequency variance)] x 100% (20). In the case of 
Fig. 3, the variance in the smoothed and de- 


trended residual time series is 33% of that for the 
detrended measured SST series, which suggests 
that 67% of the detrended low-frequency varia- 
bility in northern tropical Atlantic temperatures is 
driven by local variations in aerosol loadings 
(Table 1). Separating by aerosol type, 55% of the 
smoothed detrended temperature variance is due 
to changes in volcanic stratospheric aerosols, and 
12% of the variance is due to changes in tropo- 
spheric mineral aerosols (Table 1). When we 
repeated this analysis for only the boreal summer 
months (July to September), we found that 75% 
of the variance in observed SST (after detrending 
and smoothing) can be attributed to changes in 
aerosol loadings, and the 0.23°C per decade trend 
in summertime SST—which is statistically sig- 
nificant at the 99% level (23)—is nearly an order 
of magnitude stronger than the 0.03°C per decade 
residual summertime trend, which is not statisti- 
cally significant (20). 

A map of the linear trends in observed an- 
nual mean SST for the 1982—2007 period shows 
that recent warming is not uniform across the 
tropical Atlantic basin (Fig. 4A). Although the 
trends in SST are statistically significant through- 
out the area we are interested in, the warming is 
most pronounced between 10° and 20°N and 
east of 60°W, with values here exceeding 0.3°C 
per decade. This pattern of northern tropical 
Atlantic SST trends (Fig. 4A) is similar to that of 
annual mean dust loadings (fig. S1) and the 
climatological mixed layer temperature response 
to surface aerosol forcing (Fig. 1). Linear trends 
in the residual SST, also based on annual means 
for the 1982-2007 period, are weaker and more 
uniform across our region of interest. For ex- 
ample, the warming in the region of 10° to 20°N 
and east of 60°W is neither strongly positive nor 
statistically significant. North of roughly 25°N 
there are statistically significant upward trends in 
the residual SST, which seem to be a continu- 
ation of the warming pattern north of 30°N. 

Because there are uncertainties associated 
with our methodology for estimating the impact 
of aerosol loadings on ocean temperature, we 
also ran our model with modifications to param- 
eters to which the output is sensitive (Table 1). 
This includes increasing and decreasing cloud 
cover by 5%, deepening and shoaling the mixed 
layer depth by 5 m, increasing and decreasing 
AOT by 0.1, and applying an upper and lower 
limit to the so-called feedback parameter (20). 
Although the results from the sensitivity study 
show that our estimation of the magnitude of 
aerosol cooling of ocean temperatures is sensitive 
to our model parameters (mean cooling values 
range from —1.31° to —0.31°C), estimations of 
the detrended and smoothed SST variance at- 
tributed to aerosols are more robust (values range 
from 60 to 68%), as are estimations of the per- 
cent reduction in the residual SST trend (values 
from 56 to 93%) and the magnitude of the re- 
sidual SST trends (0.02° to 0.11°C per decade). 
Additionally, for each case in the sensitivity study 
except increasing the mixed layer depth, none 
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of the residual SST trends are statistically signif- 
icant at the 95% level (23). Note that our analysis 
does not show that aerosols explain year-to-year 
changes in SST, but that their effect is realized 
when considering variability on longer time scales 
because year-to-year changes in tropical Atlantic 
SST are more strongly modulated by wind-induced 
latent heat fluxes (24, 25). 

The present analysis is an estimate of the 
direct effect of dust radiative forcing on the upper- 
ocean heat budget. Our analysis does not exclude 
other sources of variability in the northern tropi- 
cal Atlantic (24), nor does it account for reductions 
in atmospheric water vapor (20, 26) or possible 
increases in cloudiness (20, 27) associated with 
dust outbreaks. Nor does it include dynamical 
feedbacks from an atmospheric response to aerosol 
forcing and associated SST changes, including 
changes in the latent and sensible heat fluxes 
(28-30). Therefore, further analysis of coupled 
and dynamical feedbacks to aerosol forcing of 
tropical ocean temperatures is warranted. 

Over the past 30 years, temperatures in other 
tropical ocean basins have been rising steadily, but 
at a slower rate than in the Atlantic (37). At the 
same time, projections of surface temperature in- 
creases under a doubled carbon dioxide climate 
suggest that the Atlantic should be warming at a 
rate slower than the other observations (32). We 
suggest that this apparent disconnect between 
observations and models may be due to the in- 
fluence of Atlantic dust cover. Our results imply 
that because dust plays a role in modulating 
tropical North Atlantic temperature, projections of 
these temperatures under various global warming 


scenarios by general circulation models should 
account for long-term changes in dust loadings. 
This is especially critical because studies have 
estimated a reduction in Atlantic dust cover of 40 
to 60% under a doubled carbon dioxide climate 
(33), which, on the basis of model runs with an 
equivalent reduction of the mean dust forcing, 
could result in an additional 0.3° to 0.4°C 
warming of the northern tropical Atlantic. 
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UV Absorption Cross Sections 
of CIOOCI Are Consistent with 
Ozone Degradation Models 


Hsueh-Ying Chen,?* Chien-Yu Lien,?* Wei-Yen Lin,” Yuan T. Lee,” Jim J. Lin? ?+ 


Recently, discrepancies in laboratory measurements of chlorine peroxide (CLOOCI) absorption 
cross sections have cast doubt on the validity of current photochemical models for stratospheric 
ozone degradation. Whereas previous CLOOCI absorption measurements all suffered from 
uncertainties due to absorption by impurities, we demonstrate here a method that uses 
mass-selected detection to circumvent such interference. The cross sections of CLOOCI were 
determined at two critical wavelengths (351 and 308 nanometers). Our results are sufficient to 
resolve the controversial issue originating from the CLOOCL laboratory cross sections and suggest 
that the highest laboratory estimates for atmospheric photolysis rates of CLOOCI, which best 
explain the field measurements via current chemical models, are reasonable. 


fter the discovery of the Antarctic ozone 
hole (/), scientists directed great effort 
toward studying the underlying chemi- 
cal and photochemical processes. Until recently, 
the consensus was that the chemical processes 
that are responsible for the formation of the 
ozone hole were reasonably well understood (2). 
However, laboratory data on the ultraviolet ab- 


sorption spectrum of chlorine peroxide (CIOOCI) 
published in 2007 by Pope et al. (3) cast doubt 
(4-6) on that understanding. The absorption cross 
sections measured by Pope et al. (3) at wave- 
lengths longer than 300 nm (A > 300 nm) are 
much smaller than previously accepted values (7). 
If these recent data are correct, the atmospheric 
photolysis rates of CIOOCI are much smaller than 


originally thought, and it would be impossible to 
produce enough Cl atoms to explain the observed 
ozone loss via any known chemical mechanisms. 
Moreover, atmospheric measurements of constit- 
uents such as CIO/CIOOCI could not be recon- 
ciled with the Pope ef al. data (3), which raises 
questions (4-6) about the validity of either the 
laboratory measurements or model calculations, 
thus heightening the need for new laboratory 
studies to either confirm or refute those findings. 

Among the major factors controlling ozone 
loss in the polar stratospheric vortices is the ki- 
netics of the CIOOCI catalytic cycle, in which 
the photolysis rate of CIOOCI plays a key role 
(2, 5, 8). The ultraviolet absorption spectrum of 
CIOOCI shows a relatively strong and broad 
feature with a peak at ~245 nm and a long tail 
extending to 300 nm and longer wavelengths 
(3, 8-11). Because ozone strongly absorbs and 
therefore depletes sunlight of 4 < 300 nm, it is the 
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weak absorption of CIOOCI at A > 300 nm that 
is responsible for its photodecomposition to Cl 
atoms. The Cl atoms react with O3 to form O, + 
ClO; ClO can then dimerize to form CIOOCI 
again (/2), thus catalytically converting O3 to Oo. In 
this atmospherically relevant region of A > 300 nm, 
however, it is difficult to accurately determine the 
small absorption cross sections of CIOOCI, and 
there are substantial discrepancies between differ- 
ent laboratory studies. These discrepancies in turn 
result in large uncertainties in the partitioning of 
Cl, ClO, and CIOOCI in the resulting ozone loss 
rate, and therefore in our basic understanding of 
ozone degradation chemistry. 

A review of the literature on both CIOOCI syn- 
thesis (12-17) and its ultraviolet absorption spec- 
trum (3, &-1/) reveals that it is extremely difficult to 
prepare a pure CIOOCI sample at a high enough 
concentration for an absorption measurement in the 
gas phase. Except for the latest work by Pope et al. 
(3), all other spectroscopic studies ($—//) largely 
relied on mass balance to estimate the concentra- 
tions of absorbing species. The use of mass balance 
was based on spectral measurements of the reac- 
tants, products, and side products in the synthesis/ 
absorption cell. Accurately estimating the concen- 
trations of absorbing species is further hindered 
by spectral overlaps, uncertainties in reaction rate 
constants, and possible unknown side reactions. 

Pope et al. (3) tried to go beyond the method 
of mass balance by purifying their sample with 
low-temperature trapping and evaporation. Unfor- 
tunately, a pure CIOOCI sample was still unob- 
tainable. The authors then employed a functional 
fitting method to remove the absorbance of the 
impurity. They posited that the impurity in their 
experiments was exclusively Cl, and that two 


trapping cell \ 
& 


RTD1 


Gaussian-like functions could represent the CIOOCI 
spectrum. The relative weighting between the con- 
centrations of Cl, and CIOOCI was obtained by 
means of least-squares fitting. This method would 
work best if the CIOOCI spectrum were very dif- 
ferent from the Cl, spectrum; it becomes unreli- 
able, however, if CIOOCI has a spectral component 
that is similar to Clo. Both the mass balance and 
functional fitting methods are quite complicated, 
and both have potential weaknesses. Such problems 
become worse for the long-wavelength region, in 
which the absorption cross sections of ClIOOCI 
become diminishingly small. 

Aware of the impurity problem, we designed an 
experimental approach in which instead of mea- 
suring the attenuation of a photon beam after an 
absorption cell, we formed a CIOOCI molecular 
beam and determined the photodissociation prob- 
ability by measuring the decrease in beam inten- 
sity after laser irradiation. Under the condition that 
the number of photons greatly exceeds the number 
of molecules, an alternative form of Beer’s law 
can be written as 


No _ 


where Np and WN are the numbers of the molecules 
before and after the laser irradiation, respectively; 
I is the laser fluence in number of photons per 
unit area; o is the absorption cross section; and 
is the dissociation quantum yield. By precisely 
measuring the ratio of the molecules before and 
after laser irradiation, we can quantify the ab- 
sorption cross section without knowing the ab- 
solute concentration. We used a mass spectrometer 
to detect the CIOOCI molecules with high selec- 


Laser 


Mass 
Detector 


Fig. 1. Schematic of the experimental setup (not to scale). The exit of the trapping cell (fused 
silica) connects to a capillary array (fused silica) that serves as the nozzle of an effusive molecular 
beam. The temperatures are monitored with resistance temperature detectors (RTD1 and RTD2). 
The valve (stainless steel and Teflon) isolates the trapping cell from the vacuum chamber during 
the high pressure period of the ClOOCI condensation. 


tivity. In general, this is a powerful method for 
measuring photodissociation cross sections of 
species that cannot be prepared in a pure form 
because the mass selection eliminates interfer- 
ence from most impurities. 

Figure 1 shows the schematic setup. The 
CIOOCI sample is prepared in a pulsed effusive 
molecular beam and detected downstream with a 
mass detector at its parent mass. The mass detec- 
tor (J8) is equipped with an electron impact 
ionizer, a quadrupole mass filter, and a Daly-type 
ion counter. Before the mass detector, the molec- 
ular beam is intersected by a pulsed laser beam 
that photodissociates and thus depletes the CIOOCI 
molecules with a probability that is proportional to 
their absorption cross section. Equation | could 
be used to analyze the photodepletion signals 
and quantify the absorption cross section, but to 
do so would require knowledge of the absolute 
fluence distribution of the laser beam, which is 
difficult to measure precisely. In contrast, com- 
paring the photodepletion signal of CIOOCI to 
that of a reference molecule only requires the 
ratio of the laser fluences (which can be more 
easily measured) to obtain the cross section ratio 
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With a known cross section of the reference mol- 
ecule, the absolute cross section of ClIOOCI can 
then be obtained. 


Cl, (m/z=70) 
351nm,97.8mJ/pulse 


CIOOCI (m/z=102) 
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Fig. 2. Time profiles of the molecular beams show- 
ing the photodepletion of molecules. Black and red 
lines represent the molecular beam signals with and 
without laser irradiation, respectively; the blue line 
is the difference. The laser spot size and delay time 
are the same in (A) and (B) but different in (C). 
Therefore, the photo-depletion signal in (©) appears 
at a different time. 
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CIOOCI was synthesized by following the 
method 1 of Pope et al. (3) (Ch + hv — 2Cl; Cl + 
O; — ClO + O,; and 2ClIO + M — CIOOCI + M) 
and trapped in a trapping cell at 150 K. Upon 
slowly warming up the trap, CIOOCI evaporated 
and flowed through a temperature-controlled cap- 
illary array to form an effusive molecular beam. 
The thermal velocity distribution of the molecules 
results in a broad distribution of arrival times for a 
given species in the molecular beam (Fig. 2). 

The mass spectra of the CIOOCI sample in the 
molecular beam were fully consistent with those 
previously reported (/4, 16). The major impurities 
were Cl, and O,; ClO was observed in small 
amounts. Higher chlorine oxides such as Cl,03 were 
not observed in the mass scans. Additional evidence 
regarding the CIOOCI sample purity can be found in 
a very recent work (/9) that used the same synthesis 
method and confirmed the purity of the sample by 
means of both infrared and Raman spectroscopy. 

Figure 2, A and B, shows the photodepletion 
signals of Cl, and CIOOCI upon 351 nm irra- 


diation at the same laser fluence. At 351 nm, 
CIOOCI has a photodepletion signal smaller 
than Cl), indicating a smaller but still apprecia- 
ble photodissociation cross section. Figure 2C 
shows the photodepletion signal of CIOOCI at 248 
nm. Because the absorption cross section of 
CIOOC! at 248 nm is quite large, almost all mol- 
ecules in the interaction volume have dissociated. 
For the cross section measurements, saturation 
effects were carefully checked at various laser 
fluences. The photodepletion signals of ClOOCI 
were not affected by different impurity levels at 
all, even for very large variations (+100 times) of 
the impurity concentrations. 

To determine the absolute cross sections of 
CIOOCI, we chose Cl, as the reference molecule 
at 351 nm and both CLO and Cl, at 308 nm. The 
absorption cross sections of these two reference 
molecules have been well measured (7, 20). It is 
well known that the excited states of Cl, are all 
rapidly dissociative, leading to 100% dissociation 
(9c, = 1). A similar argument can be applied to 


Table 1. Summary of the measured photodissociation cross sections of CLOOCL. 


Reference [06] an [9] 
Wavelength Temperature* molecule Ph clooct (10-20 cm2) (10-20 cm?) 
(temperature) [Fret 
351 nm 200 K Cl, (200 K) 0.608 + 0.027f 18.45 11.214 
250 K Cl, (250 K) 0.687 + 0.030 18.35 12.61 
308 nm 200 K Cl,0 (296 K) 1.116 + 0.054 44.00 49.11 
200 K Cl, (250 K) 2.829 + 0.132 17.30 48.95 
250 K Cl,0 (296 K) 1.154 + 0.060 44.00 50.77 
250 K Cl, (250 K) 2.953 + 0.147 17.30 51.09 
*Nozzle temperature of the CLOOCL effusive beam. tSee the supporting online material for error analysis. Assuming 
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Fig. 3. Comparison of different laboratory measurements of absorption cross sections of CLOOCL. Error bars (if 
available) are also shown at selected wavelengths. The error bars of this work are about the size of the symbols. 
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CIOOCI, because ab initio calculations (2/—23) 
and molecular beam experiments (24) all suggest 
a fast dissociation. The near-ultraviolet photo- 
dissociation of Cl,O has been investigated in a 
molecular beam (25, 26) and in a gas cell (27); 
the results also indicate a unity dissociation yield 
under low pressure conditions. 

A summary of the cross section measurements 
is shown in Table 1. A check of consistency was 
possible at 308 nm because two reference mol- 
ecules were available. The good agreement of the 
CIOOCI cross sections determined with two differ- 
ent reference molecules demonstrates the accuracy 
of this method (28). Furthermore, the photodisso- 
ciation cross section (o@) is in fact a more relevant 
quantity than the absorption cross section when es- 
timating the atmospheric photolysis rate (J value). 

Our results together with previously measured 
spectra are plotted in Fig. 3. At 308 nm, the value 
of DeMore et al. (/) and that recommended by the 
Jet Propulsion Laboratory (JPL) (7) are consistent 
with ours; Burkholder’s value (9) is only slightly 
larger. Because the solar flux of A < 308 nm is 
weak in the stratosphere, the cross section at 351 nm 
is a much more important factor in the atmo- 
spheric photolysis rates of CIOOCI, but previous 
laboratory data do not agree with each other in 
this region, as shown in Fig. 3. At 351 nm, the 
Burkholder cross section is consistent with ours 
at 200 K but slightly lower than our value at 250 K. 
Burkholder ef a/. noted only that their data were 
recorded over the temperature range of 205 to 
250 K without mentioning any temperature de- 
pendence. Our data show that the temperature 
dependence of the CIOOCI cross sections at 351 
nm is significant. Such temperature dependence 
may be attributed to the contributions of vibra- 
tional hot bands. Because CIOOCI has low- 
frequency vibrational modes, of which the lowest 
one is about 127 cm ' (29), the populations of 
vibrational excited states are substantial even at 
temperatures around 200 K. 

Von Hobe et al. (5, 6) and others (2, 30) have 
investigated the effects of using different lab- 
oratory values for CIOOCI absorption cross sec- 
tions in the atmospheric modeling of ozone 
degradation, and they compared the numerical 
results with field measurements. Their conclusion 
is that most observations of ClO, CIOOCI, and 
ozone loss are best explained by the Burkholder 
1990 cross sections (9) and that CIOOCI cross 
sections smaller than the JPL 2006 recommended 
values (7) cannot explain the field observations. 
Our results clearly indicate that, indeed, those 
smaller cross sections cannot be correct for 4 > 
300 nm and that even the JPL 2006 recommen- 
dation slightly underestimates the cross sections 
at about 350 nm. The Burkholder cross sections 
are quite close to our results, suggesting that mod- 
eling using those cross sections at wavelengths 
in the atmospheric window (A > 300 nm) should 
be realistic. The Burkholder cross sections and 
ours are the largest in the atmospheric window, 
leading to higher atmospheric photolysis rates of 
CIOOCI and suggesting the CIOOCI catalytic 
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cycle is an even more efficient process for polar 
ozone loss than previously thought (2). As for 
the Pope 2007 cross sections (3), it is likely that 
the authors’ functional fitting method may over- 
correct for the Cl, absorbance, resulting in cross 
sections that are too small in the wavelength region 
at which Cl, absorbs significantly (>300 nm). 

Although at this point we can only report the 
cross sections of CIOOCI at two wavelengths be- 
cause of our requirement of high-intensity lasers, 
these measurements are surely sufficient to re- 
solve the discrepancies in the photolysis rates of 
CIOOCI and to restore confidence in standard 
photochemical models for ozone degradation. 
We have also demonstrated a promising method 
for measuring reliable laboratory cross sections 
of important species in atmospheric chemistry, 
free from interference by impurities. 
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Host Inhibition of a Bacterial Virulence 
Effector Triggers Immunity to Infection 


Vardis Ntoukakis, Tatiana S$. Mucyn, Selena Gimenez-Ibanez, Helen C. Chapman, 
Jose R. Gutierrez, Alexi L. Balmuth, Alexandra M. E. Jones, John P. Rathjen* 


Plant pathogenic bacteria secrete effector proteins that attack the host signaling machinery to 
suppress immunity. Effectors can be recognized by hosts leading to immunity. One such effector is 
AvrPtoB of Pseudomonas syringae, which degrades host protein kinases, such as tomato Fen, 
through an E3 ligase domain. Pto kinase, which is highly related to Fen, recognizes AvrPtoB in 
conjunction with the resistance protein Prf. Here we show that Pto is resistant to AvrPtoB-mediated 
degradation because it inactivates the E3 ligase domain. AvrPtoB ubiquitinated Fen within the 
catalytic cleft, leading to its breakdown and loss of the associated Prf protein. Pto avoids this by 
phosphorylating and inactivating the AvrPtoB E3 domain. Thus, inactivation of a pathogen 
virulence molecule is one mechanism by which plants resist disease. 


and oomycete plant pathogens collective- 

ly determine pathogenicity on susceptible 
host species. However, resistance (R) proteins of 
the plant immune system can recognize these ef- 
fectors and restrict pathogen growth. The largest 
class of R proteins is the nucleotide-binding site— 
plus—leucine-rich repeat (NB-LRR) class (7). Rec- 
ognition of pathogen effectors by R proteins not 
only protects crops from pathogen attack, but also 
controls important immune responses in animals 
(2). Despite their importance, R proteins are poorly 
understood at a mechanistic level. Pseudomonas 
syringae pv. tomato DC3000 (Pst DC3000) is a 
pathogen of tomato and Arabidopsis, and it in- 


T= effector proteins of bacterial, fungal, 
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jects ~30 effectors into host cells (3). One of these 
effectors, AvrPtoB, degrades host protein kinases 
through ubiquitination and proteasomal degrada- 
tion mediated by a C-terminal E3 ubiquitin ligase 
domain (4-6). AvrPtoB is widely conserved among 
diverse bacterial pathogens, including Xanthomonas, 
Erwinia, and many strains of Pseudomonas (7). 
One target of AvrPtoB is the tomato kinase Fen (4), 
which signals together with the NB-LRR resist- 
ance protein Prf. AvrPtoB mutants lacking ubiq- 
uitin ligase activity elicit a host immune response 
mediated by Fen/Prf, leading to defense gene induc- 
tion and localized cell death known as the hyper- 
sensitive response. In resistant cultivars, AvrPtoB is 
recognized by a protein complex composed of Prf 
and the Pto kinase, which is highly related (80% 
identity) to Fen ($—/0). The inability of AvrPtoB 
to degrade Pto underlies its recognition, but its 
molecular mechanism is not yet understood. 


One important difference between Pto and 
Fen is their relative kinase activities. Pto auto- 
phosphorylation activity in vitro was substantially 
higher than that of Fen (Fig. 1A), and Pto (but not 
Fen) was phosphorylated in vivo after transient 
expression in Nicotiana benthamiana leaves (fig. 
S1) (J). Fen was substantially less active than 
Pto in phosphorylating the in vitro substrate Ptil 
(12) (fig. S2). While studying interactions be- 
tween effector protein AvrPtoB and the host 
kinases, we found that both Pto and Fen were 
able to phosphorylate AvrPtoB (Fig. 1A). Again 
Pto was more active, with a Michaelis-Menton 
constant (K,,) of 2.2 uM compared with 10 uM for 
Fen. A kinase mutant, PtoD164N (/3), did not 
autophosphorylate or transphosphorylate AvrPtoB 
in these assays. We mapped the phosphorylation 
site on AvrPtoB to Thr**” using mass spectrometry 
analysis, based on the series of y and b ions (Fig. 
1B and fig. S3). This residue lies in the E3 ligase 
domain and is conserved among AvrPtoB homo- 
logs from different P. syringae strains (14). 

Protein phosphorylation is important in the 
regulation of E3 ligases (1 5—/8). To test the effect 
of phosphorylation on AvrPtoB E3 ligase activ- 
ity, we analyzed autoubiquitination in the pres- 
ence of Pto with the use of recombinant proteins. 
Increasing amounts of Pto decreased the levels of 
polyubiquitinated AvrPtoB (Fig. 2A). Similarly, 
Pto inhibited the trans-ubiquitination of Fen by 
AvrPtoB in vitro, in a dose-dependent manner 
(Fig. 2B). Conversely, Fen inhibited its own 
ubiquitination only when it was allowed to pre- 
phosphorylate AvrPtoB (fig. S4), consistent with 
its weaker kinase activity. Thus, the in vitro data 
suggest that ubiquitination and phosphorylation 
are competitive processes that determine the out- 
come of the AvrPtoB-Pto interaction. Substitution 
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mutants of Thr**’ could not be phosphorylated 


by Pto or Fen (fig. S5) and displayed no E3 ligase 
activity in vitro (Fig. 2C and fig. S6). The phospho- 
mimetic mutant, AvrPtoBT450D, caused cell death 
upon transient expression in N. benthamiana 
leaves, as described for other AvrPtoB E3 ligase 
mutants (/9) (fig. S7). We next investigated 
whether AvrPtoBT450D was able to trigger im- 
munity on susceptible tomatoes, like other E3 
ligase mutants such as AvrPtoBF479A (4). In 
these experiments, we used the Rio Grande tomato 
line, which is resistant to Pst DC3000 infection, 
containing both Pro and Prf genes (RG-ptol1) 
and two isogenic susceptible lines containing the 
prf-3 (RG-prf3) or pto-1] (RG pto-11) mutations 
(20). All lines carried the Fen gene. These plants 
were infected with a Pst DC3000 strain contain- 
ing deletions in the avrPto and avrPtoB genes (2/) 
expressing an empty vector control, AvrPtoB, 
or the E3 ligase mutants AvrPtoBT450D and 
AvrPtoBF 479A (Fig. 2D). Whereas all bacterial 
strains grew to similar levels on the line lacking 
Prf, only the vector control grew on the resistant 
line, indicating that the Pto/Prf complex recognized 
AvrPtoB and its mutant forms. Growth of bacteria 
expressing AvrPtoBT450D or AvrPtoBF 479A, but 
not wild-type (WT) AvrPtoB, was severely re- 
stricted on the line containing the pto-// muta- 
tion, indicating that the mutants were recognized 
by Fen (4). Thus, the host kinase Pto probably 
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Fig. 1. Pto phosphorylates AvrPtoB within the E3 
ligase domain. (A) Kinase activity assay showing 
Pto and Fen autophosphorylation and transphos- 
phorylation of AvrPtoB. The assays were conducted 
as described previously (26) on purified proteins, 
as indicated. Proteins were fractionated on SDS— 
polyacrylamide gel electrophoresis before transfer 
to polyvinylidene difluoride membranes for auto- 
radiography. (B). Liquid chromatography—mass 
spectrometry analysis of phosphorylated AvrPtoB 
identified peptide A436ALDPIASQFSQLRTISK. The 
fragmentation pattern is presented, possible cleav- 
ages are indicated by vertical bars, and observed 
b and y ions are numbered. Full spectra are 
presented in fig. $3. 


abrogates the ubiquitination activity of AvrPtoB by 
phosphorylating it within the E3 ligase domain. 
To further investigate this, we mapped AvrPtoB- 
dependent ubiquitination sites on Fen generated 
in vitro. We identified one ubiquitinated peptide, 
DVK164CTNILLDENFVPK (22) (fig. S8). A 
Lys'™ substitution mutant, FenK164R, was not 
polyubiquitinated by AvrPtoB, either in vitro or 
in vivo, in the presence of the proteasome in- 
hibitor MG132 (Fig. 3, A and B). This residue is 
invariant in protein kinases and contributes to the 
mechanism of catalytic phosphotransfer (23); thus, 
AvrPtoB may target this residue generally to in- 
activate host protein kinases. The greater kinase 
activity of Pto relative to Fen may explain its 
ability to resist ubiquitination by AvrPtoB. To test 
this possibility, we examined the ubiquitination 
of the kinase mutant PtoD164N. Whereas both 
Fen (4) and PtoD164N were polyubiquitinated 
by AvrPtoB in vitro, WT Pto was not (Fig. 3A). 
Similarly in N. benthamiana, Fen and PtoD164N, 
but not WT Pto, were polyubiquitinated by 
AvrPtoB in the presence of MG132 (Fig. 3B) 
and degraded in its absence (fig. S9). These data 
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suggest a mechanism in which Fen is polyubiq- 
uitinated by AvrPtoB within the catalytic cleft of 
the kinase, leading to its proteasomal degrada- 
tion, whereas Pto avoids this by phosphorylating 
and inhibiting the E3 ligase domain of AvrPtoB. 

Pto resides in a constitutive molecular com- 
plex with the resistance protein Prf (9), and Prf 
was unstable in the absence of Pto homologs 
because of proteasomal degradation (fig. S10). 
We tested to determine whether Fen degradation 
induced by AvrPtoB diminished Prf levels. Re- 
sistant tomatoes expressing Pro, Fen, and Prf or 
an isogenic susceptible line containing the pto-11 
mutation were infected with Pst DC3000 or a 
deletion mutant lacking the avrPtoB gene (2/). 
No loss of Prf was visible in the tomato line 
containing Pto. In contrast, there was a severe 
decrease of Prf levels in the line lacking Pro, in 
the presence but not absence of AvrPtoB (Fig. 
4A). To further test if AvrPtoB degrades Prf in a 
proteasome-dependent manner, we used stable 
transgenic N. benthamiana lines expressing the 
tomato Prf and/or Pro genes (24). Transient ex- 
pression of AvrPtoB resulted in Prf degradation, 
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Fig. 2. Phosphorylation of AvrPtoB by Pto inhibits its E3 ligase activity. (A) Effector protein AvrPtoB 


autoubiquitination assay with increasing amounts 


of host kinase Pto, analyzed by immunoblot. (B) 


Ubiquitination assay of Fen kinase by AvrPtoB with increasing amounts of Pto, analyzed by immunoblot. 
(C) In vitro ubiquitination assay consisting of ubiquitination reaction mixture with FLAG-Ub, containing 
glutathione S-transferase (GST)—AvrPtoB or GST-AvrPtoBT450D as indicated. Proteins were analyzed by 
immunoblot. (D) Bacterial growth on tomato leaves infected with a Pst DC3000 strain containing 
deletions in the avrPto and avrPtoB genes, expressing an empty vector control, AvrPtoB, the phospho- 
mimetic mutant AvrPtoBT450D, or the E2-binding mutant AvrPtoBF479A. The bars represent bacterial 


growth after three days of infection. At 0 days, the 


bacterial leaf titer was uniformly ~3.0 log [colony- 


forming units (cfu) cm~] for all treatments. Data represent two independent replicate experiments and 


error bars + SE (n = 4 samples). 
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dependent on proteasome function and the E3 
ligase activity of AvrPtoB (Fig. 4B). Similar to 
the tomato experiments, Pto protected Prf from 
AyrPtoB-mediated degradation. Both Prf and 
PtoD164N were degraded in the presence of 
AvrPtoB (fig. S11). Thus, Prf loss was attribut- 
able to instability of the associated kinase, and as 
such, Prf is an indirect target of the effector 
protein. We have not found evidence of direct 
interaction between Prf and AvrPtoB. The data 
suggest an indirect mechanism of degradation 
where the fate of the Prf complex depends on the 
activity of the specific kinase within the complex. 
The results above show a clear role for Pto kinase 
activity in AvrPtoB inactivation. Signaling by Pto 
is believed to be kinase-independent downstream of 


Pto activation (/3, 25). To test a role for Pto ki- 
nase activity beyond phosphorylation of AvrPtoB, 
we examined elicitation of immunity by an 
AvrPtoB E3 ligase mutant. In these experiments, 
AvrPtoBF479A was delivered by P. syringae 
pv. tabaci or Agrobacterium on transgenic N. 
benthamiana plants expressing both PtoD164N 
and Prf: The Pto kinase mutant was able to rec- 
ognize the AvrPtoB E3 ligase mutant, leading to 
functional disease resistance and induction of cell 
death (Fig. 4C and fig. $12). Thus, in these ex- 
periments, Pto kinase activity was important only 
for inactivation of AvrPtoB E3 ligase activity. 
Plant immunity against bacteria relies on rec- 
ognition of bacterial effectors by R proteins. In 
many cases, R proteins are organized into protein 


complexes capable of recognizing the effectors 
and activating signal transduction (/). Our results 
demonstrate a mechanism in which the bacteria 
inject an effector into the plant cell to target the 
stability of a resistance complex, among other 
known targets (5, 6). The outcome of the inter- 
action depends on competition between the phos- 
phorylation and ubiquitination events mediated 
by the host kinase and bacterial effector, respec- 
tively. Pto represents a host variant molecule with 
higher kinase activity and, hence, the ability to 
fight back against the effector. Phosphorylation 
of AvrPtoB restores the normal function of ef- 
fector recognition. Overall, this study describes 
host enzymatic inactivation of a bacterial virulence 
effector to confer immunity. 
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Fig. 4. AvrPtoB targets the Prf signaling complex for degradation. (A) 
Immunoblot of Prf levels in tomato leaves containing Pto (RG-PtoR) or lacking 
Pto (RG-pto11) after bacterial infection with Pst DC3000 or a deletion mutant 
Pst DC3000AavrPtoB lacking the AvrPtoB gene. Coomassie brilliant blue 
(CBB) staining of the membrane confirmed equal gel loading. (B) Prf 
degradation by AvrPtoB is proteasome-mediated and suppressed by the kinase 
activity of Pto. Stable transgenic WV. benthamiana lines expressing tomato Prf 
only, Prf and Pto, or Prf and PtoD164N genes were transiently transformed 
with 35S:AvrPtoB or 35S:AvrPtoBF479A as indicated, in the presence or 


absence of the proteasome inhibitor MG132, and they were analyzed by 
immunoblot. CBB staining of the membrane confirmed equal gel loading. 
(C) Bar chart of bacterial growth of P. syringae pv. tabaci (Pta) 11528 
bacteria expressing either empty vector (EV), AvrPtoB, or AvrPtoBF479A after 
6 days of infection on the stable transgenic lines from (B). At 0 days, the 
bacterial leaf titer was uniformly ~1.0 log (cfu cm) for all treatments. Data 
represent two independent replicate experiments. Asterisks indicate 
significant (P < 0.01) reduction in bacterial growth and error bars + 
SE (n = 4). 
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Development of a Second-Generation 
Antiandrogen for Treatment of 
Advanced Prostate Cancer 
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Metastatic prostate cancer is treated with drugs that antagonize androgen action, but most 
patients progress to a more aggressive form of the disease called castration-resistant prostate 
cancer, driven by elevated expression of the androgen receptor. Here we characterize the 
diarylthiohydantoins RD162 and MDV3100, two compounds optimized from a screen for 
nonsteroidal antiandrogens that retain activity in the setting of increased androgen receptor 
expression. Both compounds bind to the androgen receptor with greater relative affinity than 
the clinically used antiandrogen bicalutamide, reduce the efficiency of its nuclear translocation, 
and impair both DNA binding to androgen response elements and recruitment of coactivators. 
RD162 and MDV3100 are orally available and induce tumor regression in mouse models of 
castration-resistant human prostate cancer. Of the first 30 patients treated with MDV3100 in a 
Phase I/II clinical trial, 13 of 30 (43%) showed sustained declines (by >50%) in serum 
concentrations of prostate-specific antigen, a biomarker of prostate cancer. These compounds 
thus appear to be promising candidates for treatment of advanced prostate cancer. 


reatment of advanced prostate cancer is 

limited by the development of resistance to 

antiandrogen therapy. Castration-resistant 
prostate cancer (CRPC) is commonly associated 
with increased androgen receptor (AR) gene 
expression, which can occur through AR gene 
amplification or other mechanisms (/, 2). Ele- 
vated AR expression is necessary and sufficient 
to confer resistance to antiandrogen therapy in 
mouse xenograft models (3). In addition, first- 
generation AR antagonists such as bicalutamide 
(also called Casodex) or flutamide demonstrate 
agonist properties in cells engineered to express 
higher AR amounts. The partial agonism of these 
compounds is a potential liability, best illustrated 
clinically by the antiandrogen withdrawal re- 
sponse in which serum concentrations of prostate- 
specific antigen (PSA) decline in patients after 


discontinuation of either of these AR antago- 
nists (4). Collectively, these findings implicate 
increased AR expression as a molecular cause 
of drug resistance and suggest that second- 
generation antiandrogens might be identified 
by their ability to retain antagonism in cells ex- 
pressing excess AR. 

Our earlier mutagenesis studies revealed 
that increased AR expression conferred resist- 
ance to antiandrogens in model systems only 
when the receptor contains a functional ligand 
binding domain (LBD) (3). Second-generation 
antiandrogens could, in theory, be optimized to 
exploit this well-characterized LBD. Co-crystal 
structures of wild-type AR bound to antago- 
nists have not been solved, but a co-crystal of 
bicalutamide with mutant AR (in an agonist 
conformation), together with structural knowl- 


edge of estrogen receptor—a (ER-a) antago- 
nists (5), suggests a steric clash mechanism in 
which the bulky phenyl ring on bicalutamide 
leads to a partial unfolding of AR (6). How- 
ever, bicalutamide has relatively low affinity 
for AR [at least 30-fold reduced relative to the 
natural ligand dihydrotestosterone (DHT)] (7), 
suggesting that antagonism could be optimized 
by improved binding characteristics. 

To search for improved antiandrogens, we 
selected the nonsteroidal agonist RU59063 as 
a starting chemical scaffold on the basis of its 
relatively high affinity for AR (only threefold 
reduced compared to testosterone) and selec- 
tivity for AR over other nuclear hormone re- 
ceptors (8, 9). Through an iterative process to 
be described in detail separately (see also U.S. 
Patent Application 20070004753), we eval- 
uated nearly 200 thiohydantoin derivatives of 
RU59063 for AR agonism and antagonism in 
human prostate cancer cells engineered to ex- 
press increased amounts of AR. On the basis 
of these structure-activity relationships and fur- 
ther chemical modifications to improve serum 
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half-life and oral bioavailability, the diaryl- 
thiohydantoins RD162 and MDV3100 were 
selected as the lead compounds for further bio- 
logical studies (Fig. 1A). In a competition assay 
with 16B-[!8F]fluoro-Sa-DHT (18-FDHT) to 
measure relative AR binding affinity (70), both 
RD162 and MDV3100 bound AR in castration- 
resistant LNCaP/AR human prostate cancer cells 
(engineered to express higher amounts of wild- 
type AR to mimic the clinical scenario) with five- 
to eightfold greater affinity than bicalutamide 
and only two- to threefold reduced affinity rela- 
tive to the derivative of the native ligand FDHT 
(Fig. 1B). RD162 binding to AR was specific, 
as there was little to no binding to the proges- 
terone, estrogen, or glucocorticoid receptors in 
an in vitro fluorescence polarization assay (table 
S1). We next compared the effects of RD162 and 
MDV3100 versus bicalutamide on androgen- 
dependent gene expression in LNCaP/AR cells. 
Expression of the AR target genes PSA and 
transmembrane serine protease 2 (TMPRSS2) 
was induced by bicalutamide but not by RD162 
or MDV3100 (Fig. 1C), indicating that RD162 
and MDV3100 do not have agonist activity in a 
castration-resistant setting. Both RD162 and 
MDV3100 antagonized induction of PSA and 
TMPRSS2 by the synthetic androgen R1881 in 
parental LNCaP cells (fig. S1). In the human 


prostate cancer cell line VCaP, which has en- 
dogenous AR gene amplification (//), RD162 
and MDV3100 suppressed growth and in- 
duced apoptosis, whereas bicalutamide did not 
(Fig. 1, D and E). This growth suppression 
was reversed by cotreatment with the synthetic 
androgen R1881, which competes for AR bind- 
ing (fig. S2A) and was not observed in the AR- 
negative DU145 human prostate cancer cells 
(fig. S2B). In addition, RD162 and MDV3100 
inhibited the transcriptional activity of a mutant 
AR protein (W741C, mutation of Trp”! to Cys) 
isolated from a patient with acquired resistance to 
bicalutamide (fig. S3). The W741C substitution 
in the AR LBD causes bicalutamide to act as a 
pure agonist (/2). 

To evaluate the activity of RD162 in vivo, we 
first determined its pharmacokinetic properties in 
mice. RD162 was ~50% bioavailable after oral 
delivery with a serum half-life of about 30 hours 
(Fig. 2A and table S2A). Trough concentrations 
observed 24 hours after a single 20 mg/kg oral 
dose (~23 uM) exceeded concentrations expected 
to block AR activity based on the in vitro studies 
(~1 to 10 uM). We evaluated the pharmaco- 
dynamic effects of RD162 on AR function in 
vivo by measuring luciferase activity of human 
LNCaP/AR xenografts grown in castrated male 
mice. These tumors coexpressed exogenous AR 


and the AR-dependent reporter construct ARR2- 
Pb-Luc (/3). Luciferase activity was consistently 
reduced relative to vehicle control in mice treated for 
5 days with 10 mg/kg RD162 daily by oral gavage 
(Fig. 2B), whereas lower doses of 0.1 and 1.0 mg/kg 
daily had minimal effect (fig. S4A). Commensurate 
with reduced AR transcriptional function, cellular 
proliferation of LNCaP/AR xenografts as measured 
by KI-67 staining was substantially reduced after 
5 days of RD162 treatment (fig. S4B). 

To assess the therapeutic activity of RD162 in 
CRPC, we measured the effect of daily 10 mg/kg 
oral RD162 treatment on established LNCaP/AR 
tumors growing in castrate male mice. After 28 
days of treatment, 11 of 12 tumors in vehicle- 
treated mice increased in size by ~2- to 20-fold 
(Fig. 2C, yellow bars). Bicalutamide retains some 
activity in this model as one tumor regressed by 
50% and four tumors did not change substan- 
tially in size (stable disease), but the remaining 
seven tumors progressed on treatment with an 
increase in tumor volume up to fivefold (Fig. 
2C, red bars). Plasma concentrations of bicalu- 
tamide in all mice exceeded 25 uM (Fig. 2C, 
see y axis on right), which is well above con- 
centrations typically achieved in patients (/4). In 
contrast, all 12 tumors in the RD162-treated 
mice regressed: 9 tumors by more than 50% 
and three tumors that were no longer palpable 


Fig. 1. Effect of RD162 and MDV3100 in human prostate cancer 
cells in vitro. (A) Chemical structures of the parent arylthiohydantoin 
scaffold compound RU59063 and the AR antagonists RD162 and 
MDV3100. (B) Representative competition binding curve showing 
inhibition of 7°F-FDHT equilibrium binding to AR by FDHT, RD162, 
MDV3100, and bicalutamide (Bic) in LNCaP/AR cells. The median 
inhibitory concentration (IC59) values from this experiment were 5.1 
nM (FDHT), 36 nM (MDV3100), 50 nM (RD162), and 159 nM (Bic) 
(error bars represent the SD of triplicate measurements). The inset 
shows the mean ICs, values (+ SEM) from five replicate experiments. 
(C) Quantitative reverse transcription—polymerase chain reaction 
(qRT-PCR) analysis of the AR-dependent genes PSA and TMPRSS2 in 
LNCaP/AR cells cultured in androgen-depleted media with 5% 
charcoal-stripped serum (CSS). Cells were treated for 8 hours with 
or without 1 nM of the synthetic androgen R1881 combined with 
dimethyl sulfoxide (DMSO) (Veh), bicalutamide (Bic, 1 and 10 uM), 
RD162 (1 and 10 uM), and MDV3100 (1 and 10 uM) (normalized to 
actin mRNA, mean + SD, n = 3). (D) Effect of bicalutamide, RD162, or 
MDV3100 on cell proliferation. VCaP cells were treated with the indi- 
cated antiandrogen and concentration (dashed line: 1 1M; solid line: 
10 uM) in media containing fetal bovine serum (FBS). Vehicle-treated 
cells were in media containing either FBS or CSS. The viable cell frac- 
tion was determined by CellTiter-GLO (n = 3, error is SEM). (E) Effect of 
bicalutamide, RD162, or MDV3100 on cleavage of poly(ADP-ribose) 
polymerase (PARP). VCaP cells were treated for 1 or 3 days with 10 uM 
antiandrogen in media containing FBS. Vehicle-treated cells were in 
media containing either FBS or CSS. Cells treated with 10 uM etoposide 
for 1 day served as a positive control for apoptosis. Whole-cell lysates 
were analyzed by Western blot. 
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(Fig. 2C, cyan bars). Median time to tumor pro- 
gression in the RD162-treated group was 186 
days versus 35 days in bicalutamide-treated 
mice (Fig. 2D). The superiority of RD162 over 
bicalutamide in this model is unlikely explained 
by pharmacokinetic properties because plasma 
concentrations of RD162 were somewhat lower 
(mean 24 uM) than those of bicalutamide (mean 
40 uM) (Fig. 2C, see y axis on right). Furthermore, 
in vitro protein-binding studies revealed a modest 
increase in protein-bound RD162 and MDV3100 
relative to bicalutamide (table S2B). Tumor re- 
sponses were also observed with MDV3100 
(fig. S5) and in castration-resistant LNCaP/HR 
xenografts derived by serial passage in castrate 
male mice (rather than by forced AR overexpres- 
sion) as well as in a distinct castration-resistant 
xenograft model LAPC4/AR (fig. S6). 

Two lines of evidence suggest that the activ- 
ity of RD162 in these mice is mediated through 
AR inhibition rather than through offtarget ef- 
fects. First, antitumor activity in the LNCaP/AR 
model is dose-dependent, with some slowing of 
tumor growth at 0.1 mg/kg RD162 and a few 
tumor regressions at 1 mg/kg (fig. S7), correlating 
closely with the effect of these same doses on AR 
transcriptional activity in the luciferase imaging 
experiment (fig. S4A). Second, neither bicalutamide 
nor RD162 impaired the growth of AR-negative 
DU145 prostate cancer xenografts (fig. S8). 

In considering mechanisms for the superior- 
ity of RD162 and MDV3100 over bicalutamide 
in these models, we examined potential effects 
on AR protein expression in vitro and found no 


Fig. 2. Activity of RD162 in mice. (A) Pharmacokinetic 
analysis of RD162 in male mice (n = 3 per time point) 
dosed by oral gavage as a slurry of 20 mg/kg in 0.5% 
hydroxy-methyl-propyl-cellulose. (B) Pharmacodynamics 
of AR antagonism in castrate male mice after 5 days of 
treatment with daily oral RD162 (10 mg/kg) or vehicle 
control (n = 3 mice per treatment group). Antagonism 
was measured by luciferase imaging of LNCaP/AR 
xenograft tumors expressing a luciferase reporter construct 
driven by the promoter of the probasin gene, which is 
androgen regulated. Light emission at day 5 (2 hours 
after final dose) was quantified from a region of interest 
drawn over the tumors and normalized for each animal to 
light emission at day 0. Luciferase activity was quantified 
at day 5 (normalized for each animal to day 0 luciferase 
activity) and expressed as fold-change, as indicated for the 
individual mouse. Means + SD: 2.5 + 1.9 (vehicle), 0.4 + 
0.2 (RD162). (C) Effects of RD162 and bicalutamide in a 
xenograft model of CRPC. Castrate male mice bearing 
LNCaP/AR tumors > 100 mm? in size were treated by oral 
daily gavage with vehicle, bicalutamide (10 mg/kg), or 
RD162 (10 mg/kg). The percent change in volume for 
each tumor (12 tumors per treatment group) after 28 
days is shown as a waterfall plot (y axis, left). Plasma 
concentrations of bicalutamide and RD162 for each 
mouse were measured 20 hours after the final dose on 
day 28 (filled circles above the waterfall plot; y axis, right). 
(D) Time to progression in mice continually treated as in 


obvious changes (fig. S9). Bicalutamide impairs 
AR transcriptional activity by promoting the as- 
sembly of transcription complexes that incor- 
porate co-repressors such as NCoR and SMRT 
rather than coactivators such as SRC1 at the pro- 
moters of AR target genes (/5, /6). The partial 
agonism of bicalutamide revealed in the setting 
of increased AR expression is associated with 
AR recruitment to enhancer regions and aberrant 
recruitment of coactivators to these transcription 
complexes, leading to target gene activation rather 
than repression (3). Because RD162 and MDV3100 
do not display agonism in AR-overexpressing cells 
(Fig. 1C), we explored whether they exert different 
effects on AR transcription complex assembly. In 
chromatin immunoprecipitation experiments, both 
R1881 and bicalutamide promoted AR recruitment 
to the PSA enhancer and TMPRSS2 enhancer in 
LNCaP/AR cells, whereas only R1881 promoted 
recruitment in parental LNCaP cells. Neither 
RD162 nor MDV3100 recruited AR to enhancer 
regions in either cell line (Fig. 3A and fig. S10). To 
test whether altered AR localization in RD162- or 
MDV3100-treated cells might explain this result, 
we visualized transfected AR-EYFP (enhanced 
yellow fluorescent protein) by confocal microscopy 
in live LNCaP cells. AR-EYFP was predominantly 
cytoplasmic in the absence of androgen but largely 
nuclear after treatment with R1881 or bicalutamide 
(Fig. 3B). The ratio of nuclear versus cytoplasmic 
AR in RD162- or MDV3100-treated cells was 
about fivefold reduced relative to bicalutamide. 
To determine whether the nuclear AR in RD162- 
or MDV3100-treated cells is competent for DNA 
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binding, we used a VP16-AR fusion protein that 
activates an AR-dependent luciferase reporter. 
Due to the strong transactivation and nuclear 
localization properties provided by the VP16 
domain, this AR construct is not dependent on 
ligand-induced conformational changes for nu- 
clear localization or coactivator recruitment (/7). 
As expected, wild-type AR was activated only 
by R1881 and not by the antiandrogens, where- 
as both R1881 and bicalutamide activated VP 16- 
AR (Fig. 3C). In contrast, neither RD162 nor 
MDV3100 activated VP16-AR (Fig. 3C), pro- 
viding further evidence that these compounds 
impair AR DNA binding. 

First-generation nonsteroidal antiandrogens 
induce a conformational change in AR that, though 
distinct from that conferred by the natural lig- 
ands testosterone and DHT, remains competent 
to bind certain LxxLL or FxxLF motif-containing 
coactivator proteins. The interaction induced by 
this conformational change can be modeled in 
vitro and quantified by fluorescence resonance 
energy transfer (FRET) (/8). DHT and bicalu- 
tamide both promoted dose-dependent interac- 
tion of the AR LBD with an FxxLF-containing 
peptide, whereas RD162 and MDV3100 did not 
(Fig. 3D). On the basis of the AR localization, DNA 
binding, and FxxLF peptide interaction studies, 
we hypothesize that RD162 and MDV3100 in- 
duce a conformational change in AR distinct from 
that induced by bicalutamide. Future crystallo- 
graphic studies could provide further insight into 
its mechanism of action and guide efforts to 
develop additional antiandrogens. 
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(O. The percent change in volume for each tumor (12 tumors per treatment group) was assessed weekly. Events (tumor volume > 50% of baseline) were plotted on a 
Kaplan-Meier curve. Differences between all three groups were statistically significant: Bic versus R162 (P = 0.04), Bic versus Veh (P < 0.0001), RD162 versus Veh (P < 


0.0001) by log-rank (Mantel-Cox) test. 


www.sciencemag.org SCIENCE VOL 324 8 MAY 2009 


789 


REPORTS 


790 


Because of its activity in CRPC xenograft 
models and its favorable druglike properties, 
MDV3100 was selected for clinical develop- 
ment. In an ongoing Phase I/II clinical trial, 30 


Fig. 3. RD162 and MDV3100 
impair AR nuclear translo- 
cation, DNA binding, and co- 
activator peptide recruitment. 
(A) Chromatin immunoprec- 
pitation analysis of AR in 
LNCaP cells. The cells were cul- 
tured in androgen-depleted 
media with 5% CSS and 
treated for 8 hours with or 
without 1 nM R1881 com- 
bined with DMSO (Veh), 
bicalutamide (Bic, 1 and 
10 uM), RD162 (1 and 
10 uM), and MDV3100 (1 
and 10 uM). Real-time PCR 
quantification of immuno- 
precipitated PSA enhancer 
and TMPRSS2 enhancer is 
shown (percent input mean + 
SD, n = 3). (B) Representa- 
tive confocal microscopic im- 
ages (scale bars, 10 um) of 
LNCaP cells transfected with 
AR-EYFP in androgen-depleted 
media with 5% CSS and 
treated with DMSO, 1 nM 
R1881, 10 uM bicalutamide, 
10 uM RD162, or 10 uM 
MDV3100. The ratio of nu- 
clear to cytoplasmic fluores- 
cence intensity of individual 
cells was calculated (n = 3, 
mean + SEM). (C) Activation 
of an androgen-regulated re- 
porter gene by VP16-AR. 
Cos-7 cells were cotransfected 
with ARE(4x)-luciferase plas- 
mid and either wild-type AR 
or VP16-AR fusion protein. 


men with CRPC who have progressed on first- 
line antiandrogens, 12 of whom had also failed 
taxane-based chemotherapy (table S3, A and B), 
received either 30 mg (7 = 3) or 60 mg (n = 27) 
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Cells were treated for 24 hours with or without 1 nM R1881 combined with DMSO (Veh), bicalutamide (Bic, 
1 and 10 uM), RD162 (1 and 10 uM), and MDV3100 (1 and 10 pM) for 24 hours. A luciferase assay was 


conducted with cell lysates, and relative light units shown (n = 


3, mean + SEM). (D) In vitro FRET 


analysis of the interaction between AR LBD and FxxLF coactivator peptide. Increasing concentrations of 
DHT, bicalutamide, RD162, or MDV3100 were incubated with purified AR LBD, terbium-labeled AR- 
specific antibody, and fluorescein-labeled AR FxxLF coactivator peptide (four replicates). FRET between 
terbium and fluorescein, indicative of binding of FxxLF peptide to AR-LBD, was measured by ratio of 
fluorescence emission at 525 nm (fluorescein emission) to 488 nm (terbium emission) after excitation 
at 322 nm (terbium excitation). Normalized ratio is plotted (mean of two experiments +SEM). 


Fig. 4. PSA response data in 
the first 30 patients receiving 
MDV3100 in Phase I/II trial. 
Thirty men with CRPC were 
treated with oral daily MDV3100 
at doses of 30 mg/day (n = 3) 
or 60 mg/day (n = 27). The 
percent change in serum PSA 
concentration for each pa- 
tient after 12 weeks is shown 
as a waterfall plot. Patient 
30's participation in the study 
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ended before 12 weeks due to disease progression and is therefore not shown. 
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of daily oral MDV3100. Twenty-two patients 
had a sustained decline in serum PSA concen- 
trations for at least 12 weeks, which in 13 of these 
patients represented a PSA decrease of more than 
50% (Fig. 4 and table S3C). MDV3100 was well 
tolerated, with 11 patients remaining on study 
longer than 25 weeks. All discontinuations at 
these doses were due to disease progression. Re- 
sults from 110 additional patients who received 
MDV3100 at higher doses will be reported sep- 
arately. Although preliminary, these clinical data 
appear promising and validate the persistent role 
of AR in driving castration-resistant disease. 
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Basin-Scale Coherence in Phenology 
of Shrimps and Phytoplankton 
in the North Atlantic Ocean 


P. Koeller,2* C. Fuentes-Yaco,* T. Platt,?? S. Sathyendranath,”’2? A. Richards,’ P. Ouellet,> 
D. Orr,° U. Skuladottir,’” K. Wieland,® L. Savard,> M. Aschan? 


Climate change could lead to mismatches between the reproductive cycles of marine 
organisms and their planktonic food. We tested this hypothesis by comparing shrimp 
(Pandalus borealis) egg hatching times and satellite-derived phytoplankton bloom dynamics 
throughout the North Atlantic. At large spatial and long temporal (10 years or longer) scales, 
hatching was correlated with the timing of the spring phytoplankton bloom. Annual egg 
development and hatching times were determined locally by bottom water temperature. 

We conclude that different populations of P. borealis have adapted to local temperatures and 
bloom timing, matching egg hatching to food availability under average conditions. 

This strategy is vulnerable to interannual oceanographic variability and long-term 


climatic changes. 


uring the early 1990s, populations of the 
De shrimp (Pandalus borealis) in- 

creased to levels previously unobserved 
in the North Atlantic, resulting in the expansion 
of existing fisheries and the establishment of 
new ones (fig. S1). The shrimp population in- 
creases have been attributed to concurrent de- 
creases in groundfish predators and to large- 
scale climatic changes (J—8). A link between 
spring sea surface temperatures (SSTs) and 
shrimp larval survival has been reported in the 
Gulf of St. Lawrence and the Gulf of Maine 
(4, 9). Because SSTs also influence the onset 
and intensity of the spring phytoplankton bloom 
(10), the success of the shrimp hatch may be 
linked to the spring bloom. Until recently, we 
lacked the tools necessary to study the matter on 
a globally significant scale (17, 12). We tested 
Cushing’s hypothesis (/3), that variability in year- 
class strength is at least partly due to matches 
or mismatches in the timings of larval release 
and the spring phytoplankton bloom, by com- 
paring shrimp hatch dates and spring bloom 
timing at the scale of the North Atlantic basin. 
Specifically, we asked whether there is evidence 
that P borealis has adapted its reproductive 
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cycle to match hatching times with seasonal 
phytoplankton dynamics in different ecological 
regimes throughout its wide latitudinal range 
(42° to 80°N). 

Characteristics of the spring bloom, partic- 
ularly its timing, vary with latitude (/4). It fol- 
lows that if shrimp are to match hatch and 
bloom timing over a broad latitudinal band, 
there must be some local genetic or behavioral 
adaptation of their annual reproductive cycles. 
Furthermore, shrimp must adapt to local dif- 
ferences in bottom water temperatures, which 
are known to determine the duration of the 
summer-to-spring egg-bearing (development) 
period (6, /5—17), and hence egg hatching 
times. Short-term oceanographic variability or 
long-term climatic changes might degrade the 
relationship between hatch and bloom (fig. 
S82). 

We found average bottom temperatures cor- 
related with the length of the egg development 
period throughout the North Atlantic Ocean 
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(Fig. 1) (78). Two southern stocks (Gulf of Maine 
and Gulf of St. Lawrence) experienced the 
warmest temperatures (~6° and 5°C, respec- 
tively) and had the shortest egg development 
periods (~6 and 7 months), whereas two north- 
ern stocks (Northern Iceland and Svalbard) liv- 
ing at the coldest temperatures (~1° and 1.5°C) 
had the longest development periods (~10 and 
19 months). Despite development times ranging 
between 6 and 10 months and spawning times 
differing by <3 months, in 6 of the 13 areas the 
mean times for 50% hatching and maximum 
chlorophyll concentrations differed by only a 
few days (Fig. 2A). Mean hatch and bloom ini- 
tiation times for all stocks in the North Atlantic 
differed by less than a week. The timing of 
phytoplankton bloom and hatch north of 60°N 
are earlier than would be predicted by latitude 
alone, probably in part because of the strong 
influence of the annual melting of sea ice (/9). 

When hatching, bloom maximum, and 
spawning times were regressed separately against 
latitude, the third-order polynomial fits for hatch- 
ing and bloom times were both significant and 
identical in shape (Fig. 2B). However, the re- 
gression between spawning times and latitude 
did not show a latitudinal pattern (fig. S3). 
Because the duration of the egg development 
period is dependent on bottom temperature, 
which has little influence on the timing of 
phytoplankton blooms, spawning times must 
have evolved according to local temperatures to 
make hatch and bloom times coincide. 

Data from the Newfoundland shelf confirm 
that later hatchings are a direct result of longer 
egg development times (Fig. 3A). Because 
water temperatures determine the duration of 
the egg development period (Fig. 1), they also 
determine hatching times (Fig. 3B). During 
the early 1990s, when water temperatures were 
colder, egg hatching was later (Fig. 3C) and the 
Newfoundland stock increased markedly, as 
shown by the catch per unit of effort from 
commercial trawlers (Fig. 3D). 
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significant (P < 0.01), but 
they are not significantly 
different from each other. 
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These results argue for the evolution of 
P. borealis egg hatch timing to accommodate 
to long-term average bottom temperatures and 
bloom times in each area, rather than for a di- 
rect link between egg hatching and spring blooms 
mediated by, for example, a chemical cue from 


senescent bloom material arriving at the ocean 
bottom. They also indicate that the population 
increases observed throughout much of the 
northwest Atlantic in the early 1990s were part- 
ly a result of later egg hatching times due to 
the widespread colder bottom water temper- 


atures during this period, caused by changes in 
Arctic climate that resulted in the propagation 
of anomalously cold low-salinity waters down 
the western North Atlantic (fig. $1) (8, 20). In 
following years, bottom water temperature 
increases triggered earlier hatching relative to 
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rT ____t___tt~ Fig. 2. Phenology of shrimp and phytoplankton as a func- 
300 0 50 100 150 200 tion of latitude. (A) Days of the year (DoY) for mean shrimp 
por. spawning (blue circles) and hatch (pink circles) times at 50% 
completion (+1 SD) and mean timing of peak chlorophyll 
concentration (green circles). Bars indicate mean bloom initiation and completion times for each of the stock areas or subareas. Eggs are spawned in the 
summer/fall and are carried while they develop on the abdomen for 6 to 10 months until they hatch in the spring. (B) Third-order polynomial fits of 50% 
hatch DoY (pink line, R* = 0.81, P < 0.01) and phytoplankton bloom maximum (green line, R? = 0.47, P < 0.05) regressed against latitude as the 
independent variable. The fit between latitude and spawn timing (R* = 0.04) is not significant (fig. 53). A linear regression between hatch and bloom timing 
is significant at P < 0.01. 
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the spring bloom and surface warming, resulting 
in less-frequent strong year classes. Shrimp 
abundance, however, remained high because of 
continued low predation pressure from depleted 
groundfish stocks. 

The Gulf of St. Lawrence has the lowest 
annual minimum SSTs, and the bloom begins at 
relatively cool SSTs as compared with those in 
other areas, but its SSTs warm up most rapidly 
(Fig. 4). More rapid warming results in warmer 
SSTs during the phytoplankton bloom when 
food is most abundant, enhancing larval growth 
and survival. This explains the observed positive 
correlation between SST warming rates and lar- 
val survival (9). The longstanding but contradic- 
tory negative relationship between coastal spring 
SSTs measured at Boothbay Harbor, Maine, 
and larval survival reported in the Gulf of Maine 
(4, 15), is likely to be a result of the Gulf of 
Maine’s location at the southern end of the 
range of P. borealis, where both SSTs and bot- 
tom temperatures are warm. High bottom tem- 
peratures in the Gulf of Maine (Fig. 1) result in 
the earliest hatching dates and a long time lag 
between hatch and bloom (Figs. 2A and 4). It is 
also the only stock in which egg-bearing females 
migrate during winter from offshore waters into 
shallow, colder nearshore water (4, 15). This mi- 
gration may be a behavioral adaptation to warm 
bottom water temperatures that delays egg de- 
velopment and brings hatching closer to the 
spring bloom. This effect would be enhanced 
when coastal SSTs in Boothbay Harbor (repre- 
sentative of the well-mixed nearshore waters 
sought by egg-bearing females) were colder, lead- 
ing to the observed negative correlation. The 
later bloom at Flemish Cap is probably a result 
of the oceanographic conditions prevailing at 
the front between the Labrador and North At- 
lantic Currents. It appears that the shrimp pop- 
ulation at Flemish Cap established itself only 
recently through larval drift from the adjacent 
south Newfoundland shelf (2/). The large off- 


Fig. 4. SSTs for each study area at 10 
their annual minimum (solid blue 
circles), at phytoplankton bloom ini- 
tiation (open green circles), at peak 
chlorophyll concentration (solid green 
circles), and at 50% hatch times 
(pink triangles). 
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set in hatch and bloom timing at Flemish Cap 
(Figs. 2 and 4) may occur because the determi- 
nants of hatch timing have evolved under dif- 
ferent conditions. 

Decoupling a match between hatching and 
bloom to long-term average environmental con- 
ditions may arise if the interacting environmental 
factors are driven by different oceanographic 
processes; that is, for P. borealis, bottom tem- 
peratures determine egg development and hatch 
times (Fig. 1), and surface temperatures (Fig. 4) 
influence the timing of the spring bloom and 
larval growth rates. Specific conditions leading 
to a match or mismatch may differ between 
areas with different magnitudes of, and tempo- 
ral relationships between, the factors associ- 
ated with larval survival, as in the examples 
above for the Gulf of Maine, the Gulf of St. 
Lawrence, and Flemish Cap (Figs. 1 and 4). 
The collapse of the Gulf of Maine shrimp stock 
in the 1970s has been attributed to warmer 
temperatures or overfishing (4). More likely, 
both contributed. Further elucidation of area- 
specific recruitment mechanisms will help the 
development of management models that in- 
corporate the important environmental factors 
influencing stock productivity. The confound- 
ing effects of top-down processes such as troph- 
ic cascades (7) further complicate this difficult 
task. 

Our macroecological approach using satellite- 
sensed data has demonstrated the evolutionary 
plasticity of an important marine species adapt- 
ing to distinct environmental conditions across 
its range and provides a framework for 
discussion of how shrimp stocks and possibly 
other economically and ecologically important 
species might respond to climate change. In the 
climate change context, we may anticipate that 
P. borealis will be affected by changes in both 
the timing of the spring bloom and bottom 
temperatures. A tendency to early stratification 
(for example, caused by increased melting of 
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ice or faster warming of surface waters), which 
would favor early blooms, may be offset by 
higher winds (a higher frequency of storms). 
Furthermore, bottom temperatures are affected 
by quite different processes. Our understanding 
of how climate change may affect these pro- 
cesses is improving, but accurate prediction of 
how they in turn will affect living marine re- 
sources will require continued building of rele- 
vant environmental time series and further 
model studies that elucidate the coupling be- 
tween the physics and biology of the oceans. 
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Apicomplexan Parasites Co-Opt 
Host Calpains to Facilitate Their 
Escape from Infected Cells 


Rajesh Chandramohanadas,? Paul H. Davis,? Daniel P. Beiting,? Michael B. Harbut,* 
Claire Darling,’ Geetha Velmourougane,* Ming Yeh Lee,” Peter A. Greer,” 
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Apicomplexan parasites, including Plasmodium falciparum and Toxoplasma gondii (the causative 
agents of malaria and toxoplasmosis, respectively), are responsible for considerable morbidity 
and mortality worldwide. These pathogenic protozoa replicate within an intracellular vacuole 
inside of infected host cells, from which they must escape to initiate a new lytic cycle. By 
integrating cell biological, pharmacological, and genetic approaches, we provide evidence that 
both Plasmodium and Toxoplasma hijack host cell calpain proteases to facilitate parasite egress. 
Immunodepletion or inhibition of calpain-1 in hypotonically lysed and resealed erythrocytes 
prevented the escape of P. falciparum parasites, which was restored by adding purified 
calpain-1. Similarly, efficient egress of T. gondii from mammalian fibroblasts was blocked by either 
small interfering RNA—mediated suppression or genetic deletion of calpain activity and could 


be restored by genetic complementation. 


picomplexan parasites are obligate intra- 
A pathogens that exhibit complex 

life cycles involving distinct sexual and 
asexual stages of growth. The asexual phase is 
made up of a lytic cycle in which parasites 
establish an intracellular niche within the host: 
Plasmodium species infect erythrocytes, whereas 
Toxoplasma gondii infects nucleated animal 
cells. The process of schizogony in Plasmodium 
(endodyogeny in Zoxoplasma) involves replica- 
tion within a specialized “‘parasitophorous vacu- 
ole” to yield multiple daughter parasites (/, 2). 
The resulting merozoites (tachzyoites in Toxo- 
plasma) must escape from this vacuole and the 
host cell to invade uninfected cells and continue 
the infection. Egress from the infected cell is a 
rapid event, requiring only seconds at the end of 
the ~36- to 48-hour intracellular life cycle (3, 4). 
Both calcium (5, 6) and proteases (4, 7—/0) have 
been implicated in escape from the parasitopho- 
rous vacuole and/or host cell membranes. 

In studies on P. falciparum, DCG04 (a bio- 
tinylated derivative of the nonspecific papain 
family protease inhibitor E64) labels multiple 
proteases in parasite lysates, including falcipain-1 
(/1). Although falcipain-1 is most abundant in 
extracellular merozoites, treatment of living P 
falciparum cultures with DCG04 revealed a spe- 
cific block in schizont-stage parasites (Fig. 1A). 
DCG04-treated merozoites developed normally 
(72) but became trapped within intact red blood 
cell (RBC) membranes. Cysteine proteases may 
play a role in host cell rupture (3, 4), suggesting 
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the feasibility of exploiting an activity-based 
probe such as DCG04 for affinity purification 
of the relevant enzyme(s). 

To focus on those proteases most likely to be 
involved in parasite egress, infected cultures were 
labeled with DCG04, treated with saponin to per- 
meabilize the RBC and parasitophorous vacuole 


A 48 hpi 60 hpi 
qt : 
"e 
DMSO; 
o «6 
—— 
DCG04 
(3 uM) 
a 


Fig. 1. Host calpain-1 is associated with P. 
falciparum egress. (A) Human RBCs were 
infected with 3D7 strain parasites, synchronized 
in sorbitol, treated at 42 hours postinfection 
(hpi) with either dimethyl sulfoxide (control) or 
3 uM DCGO04, and fixed and stained 6 to 18 
hours later. Normal schizonts were evident in 
both samples at 48 hours, but whereas controls 
emerged to establish new ring stage infections 
by 60 hours, parasites treated with DCG04 
appeared unable to egress, remaining arrested 


membranes, centrifuged briefly to remove para- 
site cells (which are not permeabilized by saponin), 
and pelleted to produce soluble and membrane- 
associated fractions (/3). The ability of saponin to 
lyse the RBC and parasitophorous vacuole 
membranes selectively, while sparing the parasite 
plasma membrane, was confirmed by assaying 
leakage of'a cytoplasmic green fluorescent protein 
(GFP) marker. Immunoblotting with antibodies to 
GFP, the parasite plasma membrane marker MSP1, 
the digestive vacuole marker plasmepsin-II, and 
the erythrocyte membrane marker stomatin showed 
efficient separation of erythrocyte components 
from parasite material (fig. S1). 

Biotinylated DCG04 detected a single reactive 
peak of ~80 kD specific to membranes isolated 
from erythrocytes infected with schizont-stage 
parasites and maximal at ~48 hours postinfection 
(Fig. 1B). Mass spectrometry of DCG04-labeled 
material purified from a streptavidin affinity col- 
umn unequivocally identified human calpain-1, 
based on 27 peptides (42% coverage) (table S1). 
Failure to label other cysteine proteases such as 
SERAs, falcipains, or other digestive vacuole en- 
zymes (despite their abundance in infected cul- 
tures) confirms the removal of parasites and that 
digestive vacuole contents were not released dur- 
ing egress. DCG04 also failed to label the parasite’s 
endogenous calpain, an essential cytoplasmic pro- 
tease required for early cell cycle progression, but 
not for egress (/4). 


B DCG04 labeling 
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as schizonts. Scale bar, 5 um. (B) Synchronized infected cultures were treated with 3 uM DCGO04 for 2 hours 
beginning at various times throughout the intraerythrocytic life cycle, followed by incubation with 0.02% 
saponin to permeabilize the RBC and parasitophorous vacuole membrane (but not parasites). Parasites 
were removed by centrifugation, and the remaining material fractionated to yield a host + parasitophorous 
vacuole membrane pellet and a soluble fraction. Blotting identified proteins biotinylated by DCGO4 
(labeling any active cysteine protease), as well as the RBC membrane marker band 4.9, and calpain-1 (a 
cytoplasmic RBC protein when inactive). The single prominent ~80-kD band observed in membranes 
isolated from RBCs harboring schizont-stage parasites was identified as host cell calpain-1 (table $1). 
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Fig. 2. Host calpain-1 is required for P. falciparum egress. Uninfected RBCs were hypotonically lysed, 
immunodepleted with monoclonal anti—calpain-1 conjugated to Sepharose (or mock-treated with 
Sepharose beads only), and resealed under hypotonic conditions in the presence of 1 uM calpastatin, 
purified calpain-1, or buffer alone. (A) Immunoblots showed specific removal of calpain-1 in im- 
munodepleted RBCs and reconstitution with purified enzyme; equal loading was confirmed with the 
use of anti-band 4.9 and anti-stomatin. Labeling of resealed RBCs with 5 uM DCGO04 in the presence 
of calcium demonstrated that calpain activity was eliminated by either immunodepletion or 
calpastatin loading; activity was restored by reconstitution with exogenous calpain-1. (B) Purified 
schizont-stage parasites were mixed with resealed RBCs and incubated for various times before 
fixation. Giemsa-stained smears showed incomplete egress from calpain-depleted or calpastatin- 
loaded cells, but proper egress from RBCs reconstituted with purified calpain-1. Scale bar = 5 um. (C) 
During late schizogony, infected resealed RBCs were harvested at 90-min intervals, fixed, and stained 
for flow cytometry based on forward scatter (FSC-H) and parasite DNA content (SYTOX-Green). Boxes 
indicate gates defining uninfected cells, rings/trophozoites, and schizont-stage parasites (sample plot; 
see fig. S2B). (D) Flow cytometric data was gated to exclude uninfected erythrocytes and converted to 
a two-dimensional plot highlighting the progress of calpain-reconstituted cultures from schizonts to 
ring-stage infection as efficiently as mock treated controls, in contrast to the arrest of calpain- 
depleted and calpastatin-treated cells in schizogony, indicating an egress defect. (E) Quantitation of 
flow cytometric data (percentage of rings/trophozoites or schizonts relative to time t = 0, + SE, from 
four independent experiments). 
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Of the two common calcium-regulated cys- 
teine proteases in human cells, calpains | and 2, 
only the former is found in erythrocytes, where it 
is the most abundant cysteine protease (/5) (eryth- 
rocytes lack the hydrolytic enzymes associated 
with lysosomes). Calpains are normally inactive 
cytosolic enzymes, but upon binding calcium they 
become proteolytically active and associate with 
membranes (/6, /7). Probing DCG04-labeled 
subcellular fractions of P falciparum—infected 
erythrocytes with anti—calpain-1 antibody re- 
vealed abundant calpain-1 in the erythrocyte cyto- 
plasm throughout the parasite growth cycle (Fig. 
1B), but membrane-associated enzyme was 
found only during late schizogony. The observed 
pattern of membrane association coincides pre- 
cisely with calpain activation as detected by the 
activity-based probe DCG04 (Fig. 1B). 

As malaria parasites can replicate in hypo- 
tonically lysed and resealed erythrocytes (18), we 
employed a biochemical/cell biological approach to 
assess the role of calpains in P. falciparum egress. 
Lysed RBCs were incubated with anti—calpain-1 
antibody conjugated to protein G Sepharose beads, 
allowing depletion of all detectable calpain-1 
before resealing (Fig. 2A). Calpain-1 was also 
reconstituted into immunodepleted RBCs by 
resealing in the presence of purified, inactive 
calpain-1 (without calcium). Control samples were 
lysed and treated with unconjugated Sepharose 
(mock) or beads conjugated to anti-flotillin, and a 
mock-depleted sample was resealed in the pres- 
ence of the 14-kD, non-cell permeable domain I 
of the highly specific calpain inhibitor calpastatin 
(19-21). DCG04 labeling of calcium-treated 
resealed erythrocytes confirmed that calpain-1 
activity was removed by immunodepletion, that 
calpastatin loading blocked calpain-1 activity, 
and that reconstitution with calpain-1 restored 
activity to approximately wild-type (WT) levels 
(Fig. 2A). 

Incubation of lysed and resealed erythrocytes 
with highly synchronized P. falciparum schizonts 
produced ~80% of the parasitemia levels ob- 
served during parallel infection of control eryth- 
rocytes (fig. S2A) (/8). In calpain-1—depleted or 
calpastatin-loaded cells, however, development 
of intracellular parasites was arrested during late 
schizogony, and parasites failed to egress (Fig. 
2B). Very few ring stage parasites were observed 
in calpain-1—depleted or calpastatin-loaded cells, 
even as late as 75 hours postinvasion. Flow 
cytometry of DNA content in infected RBCs was 
used as a quantitative measure of the intraerythro- 
cytic P. falciparum life cycle (22), permitting the 
discrimination of schizonts from ring/trophozoite 
stages and uninfected RBCs (Fig. 2C and fig. 
S2B). Both resealed (mock treated) erythrocytes 
and erythrocytes immunodepleted by an anti- 
body unrelated to calpain (anti-flotillin) (fig. S3) 
displayed normal kinetics of parasite growth and 
egress, progressing from ring stages (1 N) to 
multinucleated schizonts (~16 N), followed by 
egress and reinvasion to produce rings in fresh 
erythrocytes ~50 hours postinfection (Fig. 2, D 
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and E). Calpastatin-loaded and calpain-1 immu- 
nodepleted erythrocytes progressed to schizonts 
with normal kinetics but arrested in late schizog- 
ony, producing few new ring-stage infections (the 
broad “schizont’” peak observed at late time points 
probably represents dying parasites). Erythrocyte 
ghosts reconstituted with purified calpain-1 after 
immunodepletion restored the transition from 
schizonts to rings. 

Thus, calpain-1 activity is required for ef- 
ficient egress of P. falciparum parasites from 
infected human erythrocytes in vitro, but it is 
difficult to assess the importance of calpain- 
mediated parasite egress in vivo because RBCs 
are not readily amenable to genetic manipulation. 
Calpain-1 deficiency has not been described in 
humans, and P. falciparum will not infect rodent 
erythrocytes. P. yoelii will infect calpain-1 
knockout (KO) mice (23), but these parasites 


Fig. 3. Host calpain facilitates the 
egress of 7. gondii. (A) U20S cells 
were transfected with siRNAs tar- 
geting either the common calpain 
regulatory subunit CAPNS1 (two 
different siRNAs) or lamin A/C, 
infected 24 hours post-transfection 
with 7. gondii parasites expressing 
yellow fluorescent protein (YFP), 
and examined by fluorescence mi- 
croscopy 56 hours later. Parasites 
ruptured out of most infected cells 
in controls, but not the knockdown 
cultures, where infected cells were 
grossly swollen with intracellular 
parasites. Insets show enlarged im- 
ages of parasite-containing vacuoles. 
Scale bar, 30 um. (B) Suppression 
of CAPNS1 protein levels was 
assessed in uninfected cells 72 
hours post transfection using anti- 
bodies to CAPNS1, lamin A/C, and 
glyceraldehyde phosphate dehydro- 
genase (GAPDH). (C) YFP parasites 
were used to follow replication and 
egress in CAPNS1 KO host cells. By 
56 hours postinfection, parasites 
had ruptured out of most cells in 
the WT and CAPNS1 rescue cul- 
tures, whereas CAPNS1 KO cells 
were heavily infected but unlysed. 
Scale bar, 30 um. (D) To follow in- 
fection, cells were inoculated with 
luciferase-expressing transgenic 
parasites, producing comparable 
numbers of intracellular tachyzoites 
4 hours postinfection. (E) To assay 
intracellular replication, host cell 
monolayers were infected with par- 
asites, and parasitophorous vacuoles 
were scored every 12 hours for the 
number of parasites per vacuole, 


Plaque Assay 


demonstrating comparable growth rates throughout the intracellular growth 
cycle (represented as log, parasite count). (F) Confluent fibroblast monolayers 
were infected with T. gondii tachyzoites, and plaques were stained with crystal 
violet at 7 days, demonstrating comparable rates of infection but very small 
plaques in the CAPNS1 KO cultures, as a consequence of the egress defect in this 


preferentially invade reticulocytes (24), which 
express both calpain-1 and calpain-2 (25) (Na- 
tional Center for Biotechnology Information 
GEO profile GDS2655), in contrast to human 
erythrocytes, which express calpain-1 only (/5). 
Genetic deletion of either calpain-2 (26) or the 
CAPNS1 regulatory subunit required for activity 
of both calpains (27) produces embryonic lethal- 
ity in mice. 

To further explore the importance of calpains 
during parasite infection, we turned to the api- 
complexan parasite 7? gondii, which is related to 
Plasmodium but able to invade, establish its 
parasitophorous vacuole, and replicate in virtual- 
ly any nucleated cell (28). WT fibroblasts are 
typically lysed by T: gondii parasites ~48- to 60- 
hours postinfection, releasing free tachyzoites 
into the medium, whereupon they invade new 
host cells. This process is readily visualized in 


CAPNS1 siRNA Oligo#2 


CAPNS1 Rescue 


CAPNS1 KO 


living cultures using transgenic parasites express- 
ing a fluorescent protein reporter (29). Although 
CAPNS1 KO mice die as embryos (27), KO cell 
lines and small interfering RNA (siRNA) ap- 
proaches provide alternative experimental routes 
to assess the importance of calpain for 7. gondii 
egress. 

Most mammalian cells express both calpain-1 
and 2, but targeting the regulatory subunit 
CAPNS|1 permits the elimination of both. Two 
oligonucleotides were employed (independently) 
for siRNA studies in U2OS human host cells, 
both of which produced >20-fold reduction in 
CAPNS1 transcript levels and even greater pro- 
tein depletion (Fig. 3B). Many extracellular 77 
gondii tachyzoites could be seen after infection of 
control cultures, but very few were observed after 
transfection with either of the CAPNS1 siRNAs 
(Fig. 3A). Rather, these cultures were character- 
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mutant host cell line. Scale bar, 2 mm. (G) Quantitation of plaque size revealed 
a substantial decrease in the CAPNS1 KOs versus WT and CAPNS11 rescued cells 
(average radius of 20 randomly selected plaques per sample + SE). Asterisks 
indicate the statistical significance using a Student's two-tailed t test comparing 
CAPNS1 KO to WT, which yielded a P value of 1.91 x 10°”. 
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ized by host cells packed full of fluorescent para- 
sites unable to egress efficiently. These grossly 
swollen cells often detached from the monolayer 
and could be found floating in the culture medi- 
um giving the appearance of a hot air balloon 
convention. 

Fibroblast cell lines derived from CAPNS1 
KO mouse embryos lack both calpain-1 and -2 
activity (30), and infection of these cells with 7 
gondii produced the same swollen cell phenotype 
observed in CAPNS1 knock-down experiments 
(Fig. 3C). Transgenic expression of CAPNS1 in 
the KO mutants restores calpain-1 and -2 activity 
(30) and also complemented the 7: gondii egress 
defect. Parasite tachyzoites were readily able to 
invade (Fig. 3D) and replicate (Fig. 3E) in WT, 
CAPNS1 KOs, and CAPNS1-complemented 
fibroblasts, demonstrating that the impact of host 
cell calpains on 7 gondii infection is specific to 
egress. Plaque assays showed a ~13-fold reduc- 
tion in plaque size for 7. gondii in CAPNS1 
mutants versus parental MEF cells or CAPNS1- 
complemented KOs (Fig. 3, F and G). In contrast to 
P. falciparum, which rarely emerge from calpain- 
depleted erythrocytes (Fig. 2), some 7? gondii 
parasites did eventually manage to escape from 
calpain-deficient fibroblasts, yielding a small 
plaque phenotype. 

In summary, in addition to the many roles that 
parasite-encoded cysteine proteases play in the 
biology of infection and pathogenesis (25), the 
apicomplexans Plasmodium falciparum and 
Toxoplasma gondii both exploit host cell calpains 
to facilitate escape from the intracellular parasito- 
phorous vacuole and/or host plasma membrane. 
The precise mechanism of calpain-mediated para- 
site egress is unknown, but calpains play a role in 
remodeling of the cytoskeleton and plasma mem- 
brane during the migration of mammalian cells 
(31), and activated calpain-1 can degrade eryth- 
rocyte cytoskeletal proteins in vitro and during 
P. falciparum infection in vivo (fig. S4). The 
calcium responsible for calpain activation during 
parasite infection may be supplied through the 
action of a parasite-encoded perforin recently 
implicated in 7? gondii egress (32). The parasito- 
phorous vacuole was labeled by the calcium- 
specific dye Fluo-4-AM during late schizogony, 
and depletion of internal calcium with the 
membrane-permeant chelator EGTA-AM blocked 
parasite egress, whereas removal of calcium 
from the culture medium did not (fig. S5). We 
suggest a model in which a calcium signal 
triggered late during parasite infection activates 
host cell calpain, which relocalizes to the host 
plasma membrane, cleaving cytoskeletal pro- 
teins to facilitate parasite egress (fig. S6). 
Because parasites that fail to escape from their 
host cells are unable to proliferate, this sug- 
gests an intriguing strategy for anti-parasitic 
therapeutics. 


References and Notes 

1. M. Nishi, K. Hu, J. M. Murray, D. S. Roos, J. Cell Sci. 121, 
1559 (2008). 

2. K. Hu et al., Mol. Biol. Cell 13, 593 (2002). 


3. S. Glushakova, D. Yin, T. Li, J. Zimmerberg, Curr. Biol. 
15, 1645 (2005). 
4. B. L. Salmon, A. Oksman, D. E. Goldberg, Proc. Natl. 
Acad. Sci. U.S.A. 98, 271 (2001). 
5. M. W. Black, G. Arrizabalaga, J. C. Boothroyd, Mol. Cell. 
Biol. 20, 9399 (2000). 
6. K. Nagamune et al., Nature 451, 207 (2008). 
7. T. Hadley, M. Aikawa, L. H. Miller, Exp. Parasitol. 55, 306 
(1983). 
8. M. E. Wickham, J. G. Culvenor, A. F. Cowman, J. Biol. 
Chem. 278, 37658 (2003). 
9. S. Arastu-Kapur et al., Nat. Chem. Biol. 4, 203 (2008). 
10. S. Yeoh et al., Cell 131, 1072 (2007). 
11. D. C. Greenbaum et al., Science 298, 2002 (2002). 
12. S. Glushakova, J. Mazar, M. F. Hohmann-Marriott, 
E. Hama, J. Zimmerberg, Cell. Microbiol. 11, 95 (2009). 
13. Materials and methods are available as supporting 
material on Science Online. 
14. |. Russo, A. Oksman, B. Vaupel, D. E. Goldberg, Proc. 
Natl. Acad. Sci. U.S.A. 106, 1554 (2009). 
15. E. M. Pasini et al., Blood 108, 791 (2006). 
16. D. E. Croall, K. Ersfeld, Genome Biol. 8, 218 (2007). 
17. D. E. Goll, V. F. Thompson, H. Li, W. Wei, J. Cong, 
Physiol. Rev. 83, 731 (2003). 
18. S. C. Murphy et al., PLoS Med. 3, e528 (2006). 
19. R. A. Hanna, R. L. Campbell, P. L. Davies, Nature 456, 
409 (2008). 
20. T. Moldoveanu, K. Gehring, D. R. Green, Nature 456, 404 
(2008). 
21. S. Gil-Parrado et al., Biol. Chem. 384, 395 (2003). 
22. A. E. Bianco, F. L. Battye, G. V. Brown, Exp. Parasitol. 62, 
275 (1986). 
23. M. Hanspal, V. K. Goel, S. S. Oh, A. H. Chishti, Mol. 
Biochem. Parasitol. 122, 227 (2002). 
24. L. Weiss, J. Johnson, W. Weidanz, Am. J. Trop. Med. Hyg. 
41, 135 (1989). 


REPORTS 


25. P. J. Rosenthal, /nt. J. Parasitol. 34, 1489 (2004). 

26. P. Dutt et al., BMC Dev. Biol. 6, 3 (2006). 

27. J. S. Arthur, J. S. Elce, C. Hegadorn, K. Williams, 

P. A. Greer, Mol. Cell. Biol. 20, 4474 (2000). 

28. D.S. Roos, R. G. Donald, N. S. Morrissette, A. L. Moulton, 
Methods Cell Biol. 45, 27 (1994). 

29. K. A. Joiner, D. S. Roos, J. Cell Biol. 157, 557 (2002). 

30. N. Dourdin et al., J. Biol. Chem. 276, 48382 (2001). 

31. A. Huttenlocher et al., J. Biol. Chem. 272, 32719 
(1997). 

32. B. F. C. Kafsack et al., Science 323, 530 (2009); 
published online 18 December 2008 (10.1126/ 
science.1165740). 

33. We thank R. W. Doms, M. Marti, and M. Klemba for 
critical discussions; the Penn Proteomics Core for mass 
spectrometry; and M. A. Lampson for help with imaging. 
P. falciparum expressing GFP were provided by 
O. S. Harb. P.H.D. and D.P.B. are funded by National 
Research Service Awards, and D.S.R. is an Ellison Medical 
Foundation Senior Scholar in Global Infectious Disease, 
supported by grants from NIH. D.C.G. was supported by 
the Ritter Foundation, the Penn Genome Frontiers 
Institute, and the Penn Institute for Translational 
Medicine and Therapeutics. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/1171085/DC1 
Materials and Methods 

Figs. $1 to S6 

Table $1 

References 


20 January 2009; accepted 10 March 2009 
Published online 2 April 2009; 
10.1126/science.1171085 

Include this information when citing this paper. 


Human Induced Pluripotent 
Stem Cells Free of Vector 
and Transgene Sequences 


Junying Yu,??:3* Kejin Hu,? Kim Smuga-Otto,? Shulan Tian,’ Ron Stewart,” 


Igor |. Slukvin,?* James A. Thomson?’22>* 


Reprogramming differentiated human cells to induced pluripotent stem (iPS) cells has applications 
in basic biology, drug development, and transplantation. Human iPS cell derivation previously 
required vectors that integrate into the genome, which can create mutations and limit the 

utility of the cells in both research and clinical applications. We describe the derivation of 
human iPS cells with the use of nonintegrating episomal vectors. After removal of the episome, iPS 
cells completely free of vector and transgene sequences are derived that are similar to human 
embryonic stem (ES) cells in proliferative and developmental potential. These results demonstrate 
that reprogramming human somatic cells does not require genomic integration or the 

continued presence of exogenous reprogramming factors and removes one obstacle to the 


clinical application of human iPS cells. 


tential of both human embryonic stem 

(ES) cells and human induced pluripotent 
stem (iPS) cells offers unprecedented access to 
the differentiated cells that make up the human 
body (/—3). In addition, iPS cells can be derived 
with a specific desired genetic background, in- 
cluding patient-specific iPS cells for disease 
models and for transplantation therapies, with- 
out the problems associated with immune rejec- 
tion. Reprogramming of both mouse and human 
somatic cells into iPS cells has been achieved 


T= proliferative and developmental po- 


by expressing combinations of factors such as 
OCT4, SOX2, c-Myc, KLF4, NANOG, and LIN28 
(2-4). Initial methods used to derive human iPS 
cells used viral vectors, in which both the vector 
backbone and transgenes are permanently in- 
tegrated into the genome (2, 3). Such vectors 
can produce insertional mutations that interfere 
with the normal function of iPS cell derivatives, 
and residual transgene expression can influence 
differentiation into specific lineages (2), or even 
result in tumorigenesis (5). Vector integration— 
free mouse iPS cells have been derived from 
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liver cells with adenoviral vectors (6) and from 
embryonic fibroblasts with repeated plasmid 
transfections (7), but the low frequencies ob- 
tained make it unclear how practical these ap- 
proaches will be for human cells, which generally 
require longer exposure to reprogramming fac- 
tors (2, 3). 

While this manuscript was in review, two 
alternative approaches were described to remove 
transgenes from mouse or human iPS cells. In 
one approach, Cre/LoxP recombination was used 
to excise integrated transgenes (8, 9). This ap- 
proach successfully removes transgene sequences, 
but leaves behind residual vector sequences, 
which can still create insertional mutations. A 
second approach used seamless excision of 
piggyBac transposons to produce vector- and 
transgene-free mouse iPS cells (/0). Although 
a promising approach, vector removal from 
human iPS cells produced by this method has 
not yet been reported, and removing multiple 
transposons is labor intensive. Here, we report 
that human iPS cells completely free of vector 
and transgene sequences can be derived from 
fibroblasts by a single transfection with oriP/ 
EBNAI (Epstein-Barr nuclear antigen-1)—based 
episomal vectors. 

Derived from the Epstein-Barr virus, oriP/ 
EBNAI vectors are well suited for introducing 
reprogramming factors into human somatic cells, 
as these plasmids can be transfected without 
the need for viral packaging and can be subse- 
quently removed from cells by culturing in the 
absence of drug selection. The stable extrachro- 
mosomal replication of oriP/EBNA1 vectors in 
mammalian cells requires only a cis-acting oriP 
element (//) and a trans-acting EBNA1 gene (/2). 
The oriP/EBNA1 vectors replicate only once per 
cell cycle, and with drug selection can be es- 
tablished as stable episomes in about 1% of the 
initial transfected cells (13, /4). If drug selection 
is subsequently removed, the episomes are lost 
at ~5% per cell generation owing to defects in 
plasmid synthesis and partitioning; thus, cells 
devoid of plasmids can be easily isolated (/5). 

OCT4, SOX2, NANOG, and LIN28 are suffi- 
cient to reprogram human embryonic, neonatal, 
and adult fibroblasts to iPS cells (2, /6), but 
the reprogramming efficiency is low (<0.01% 
for newborn foreskin fibroblasts) (2). Such low 
efficiency makes it difficult to reprogram with 
oriP/EBNA1-based vectors because the stable 
transfection efficiency is almost two orders of 
magnitude less than that of our lentiviral vectors 
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(2). Thus, we first improved reprogramming ef- 
ficiency with lentiviral vectors. By testing dif- 
ferent linkers to coexpress OCT4 and SOX2, we 
found that the internal ribosome entry site 2 
(IRES2) supported higher reprogramming effi- 
ciency (fig. S1, A and B). Because linkers have 
less effect on reprogramming efficiency when 
used to coexpress VANOG and LIN28 (fig. S1B), 
IRES2 was chosen to coexpress reprogramming 
factors. Using IRES2-mediated expression of 
OCT4, SOX2, NANOG, and LIN28, we im- 
proved the reprogramming efficiency for human 
foreskin fibroblasts by about 10-fold (~0.1%) 
over what we had previously reported (fig. S1C). 
The addition of c-Myc and KLF4 further im- 
proved the reprogramming efficiency to more 
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Fig. 1. Reprogramming 
human foreskin fibroblasts 
without genomic vector in- 
tegration. (A) Episomal vec- E 


tors (combination 19 from 1 2 
experiment 3; table $2). GEGE 
pEF: the eukaryotic elonga- oct¢ gf 
tion factor 1a promoter; SO? mi 
pCMV: the cytomegalovirus 

: ; NANOG 4 
immediate-early promoter. 

Transgenes and other fea- LIN26 65 4s 
tures of vectors are indicated omy! @ 
by red and green arrows, 

respectively. (B) Bright-field KLFa gp 
image of iPS cells obtained  sv4o_T eo « 


by transfection of combi- 
nation 19 episomal vectors 
(clone DF19-9: “Defined 
Factor” combination 19, and 
clone 9). Scale bar, 0.1 mm. 


OriP 


fo 


ESC-H13 
ESC-H14 


ee ee 


eo 
EBNA-1 * ft "Bu ee Tee ae) ‘eas bond 
ocreno GSH ee eeeeeeeenae ‘Segee Oh 


than 1%, the highest efficiencies we have achieved 
for these cells (fig. S1C) (77). Thus, we cloned 
all six reprogramming factors (OCT4, SOX2, 
NANOG, LIN28, c-Myc, and KLF4) into an oriP/ 
EBNAI vector using IRES2 for coexpression. 
Because our previous experience suggested that 
both the balance between transgenes and their 
absolute expression levels are critically important 
to achieving reprogramming, we tested different 
transgene arrangements to achieve appropriate 
levels empirically (table S1). 

Initial tests with the six reprogramming genes 
in the episomal vectors failed to yield human iPS 
cell colonies (table S2). With this combination 
of genes, substantial cell death was observed 
during the first week after transfection, possibly 
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(C) Pearson correlation analyses of global gene expression (51,337 transcripts) in human fibroblast- 
derived iPS cell clones (combination 19). 1-PCC: Pearson correlation coefficient. (D) Hematoxylin and 
eosin staining of teratoma sections of iPS cell clone DF19-9 (53 days after injection). Teratomas were 
obtained from all 10 iPS-DF19 clones. Scale bars, 0.1 mm. (E) PCR analysis of episomal DNA in iPS- 
DF19 clone 1 to 10. G: genomic DNA template; E: episomal DNA template. Genomic and episomal DNA 
from nontransfected and combination 19 episomal vector-transfected (day 17 after transfection) 
fibroblasts were used as negative (—) and positive (+) controls, respectively. Thirty-two PCR cycles were 


used for all primer sets. 
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owing to the toxic effects of high c-Myc expres- 
sion (/8). To counteract the possible toxic ef- 
fects of c-Myc expression, we included the SV40 
large T gene (SV40LT) in some of the combi- 
nations (/9). Three of these combinations, all of 
which included OCT4, SOX2, NANOG, LIN28, 
c-Myc, KLF4, and SV40LT, were successful in 
producing iPS cell colonies from human fore- 
skin fibroblasts with oriP/EBNA 1-based vectors 


(Fig. 1A, fig. S2D, and table S2). At least two 
plasmids in each successful combination express 
OCT4 and SOX2, consistent with the observa- 
tion that high expression of these transgenes 
improves reprogramming. Clones from two of 
these combinations (19 from experiment 3 and 6 
from experiment 4; table S2) were chosen for 
expansion and analysis. These iPS cell colonies 
exhibited typical human ES cell morphology 


REPORTS 


(e.g., compact colonies, high nucleus-to-cytoplasm 
ratios, and prominent nucleoli) (Fig. 1B) and 
exhibited gene expression profiles that were 
very similar to those of human ES cell lines, but 
dissimilar to those of the parental fibroblasts 
(Fig. 1C and table S3). Similar to human ES cells, 
when injected into immunocompromised mice, 
these iPS cells formed teratomas consisting of 
differentiated derivatives of all three primary 


Fig. 2. Human foreskin fibroblast—derived iPS cells free 
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Fig. 3. Characterization of iPS cell subclones. (A) Bright-field ~ B % 
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germ layers (Fig. 1D). Polymerase chain reaction 
(PCR) analysis failed to detect episomal vector 
integration in the genome, but did detect their 
persistence in the episomal fraction (Fig. 1E). 
The persistence of the episomal vectors suggests 
that prolonged transgene expression is required 
for successful reprogramming. 

Because oriP/EBNA1 episomal vectors are 
gradually lost from proliferating cells in the ab- 
sence of selection, we performed subcloning to 
derive iPS cell clones that had spontaneously 
lost the episomal vectors. We chose one iPS cell 
clone derived with combination 6 (iPS-DF6-9) 
and another one with combination 19 (iPS- 
DF19-9), and isolated 12 subclones from each. 
More than one-third of the subclones lost their 
episomal vectors (fig. S3A). We expanded two 
subclones from each vector combination for de- 
tailed analysis (iPS-DF6-9 subclone 9T and 12T, 
iPS-DF19-9 subclone 7T and 11T). Reverse 
transcription (RT)-PCR analysis with transgene- 
specific primers failed to detect any residual 
transgene expression in any of the four iPS cell 
subclones (Fig. 2A). In contrast to the parental 
iPS cell clones, PCR analysis demonstrated the 
absence of the vector and transgene sequences 
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in both the genomic and the episomal fractions 
of all four iPS cell subclones (Fig. 2B), which 
was confirmed by Southern blot analysis (Fig. 
2C and fig. S3B). 

The iPS cell subclones were morphologically 
similar to human ES cells (Fig. 3A); had normal 
karyotypes (Fig. 3B); expressed human ES cell— 
specific cell surface markers (Fig. 3D) and genes 
(Fig. 4, A and B, fig. S4, and table S4); and 
differentiated into derivatives of all three germ 
layers in teratomas (Fig. 4C). Both the OCT4 pro- 
moter and the NANOG promoter were de- 
methylated in these iPS cells, similar to human 
ES cells and in contrast to the parental foreskin 
fibroblasts (Fig. 3C). As of this writing, combi- 
nation 19 iPS cells have been in continuous 
culture for 7 months after the initial fibroblast 
transfection and have demonstrated no period of 
replicative crisis. DNA fingerprinting confirmed 
their origin from foreskin fibroblasts (table S5). 

With oriP/EBNA1-based episomal vectors, 
exogenous DNA is not integrated into the hu- 
man iPS cell genome, and owing to the gradual 
loss of cellular episomal vectors in the absence 
of drug selection, vector- and transgene-free hu- 
man iPS cells can be isolated through subcloning 
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Fig. 4. Characterization of iPS cell subclones. (A) Pearson correlation analyses of global gene 
expression (51,337 transcripts) in iPS cell parental clone DF6-9 and DF19-9; iPS cell subclone DF6- 
9-9T, DF6-9-12T, DF19-9-7T, and DF19-9-11T; five human ES cell lines; foreskin fibroblasts. 1-PCC: 
Pearson correlation coefficient. (B) Expression of genes that are differentially expressed between 
human ES cells and foreskin fibroblasts. (Top) Thirty well-known human ES cell—enriched genes; 
(bottom) top 25 foreskin fibroblast-enriched genes. The color key is shown on the left. (C) 
Hematoxylin and eosin staining of teratoma sections of iPS-DF19-9-11T (7 weeks after injection). 
Teratomas were obtained from all four iPS cell subclones. Scale bars, 0.1 mm. 


without further genetic manipulation. Similar 
to mouse studies based on nonintegrating re- 
programming methods (6, 7), the current repro- 
gramming efficiency of human fibroblasts with 
oriP/EBNA1 vectors is low (about three to six 
colonies per 10° input cells). These frequencies 
are, however, sufficient to recover iPS cells from 
a reasonable number of starting cells, and fibro- 
blasts are easy to obtain and culture. Because 
different cell types have different reprogramming 
frequencies (20), and oriP/EBNA1-based vectors 
are established as stable episomes at different 
frequencies in different cell types (/3), it might 
be possible to identify another accessible human 
cell type more easily reprogrammed with these 
episomal vectors. The addition of chemical com- 
pounds that increase reprogramming efficiency 
might also facilitate reprogramming by these 
episomal vectors (2/, 22). 

Given the rapid pace of the iPS cell field, it is 
likely that reprogramming efficiencies will improve 
substantially and that it soon will be possible to 
derive vector- and transgene-free human iPS 
cells by several alternative methods. However, it 
will be essential to determine which of these meth- 
ods most consistently produces iPS cells with the 
fewest genetic or epigenetic abnormalities, because 
any abnormalities would affect the application of 
these cells in basic research, drug development, 
and transplantation therapies much more than the 
initial reprogramming frequencies. Substantial 
challenges also remain in cell-specific differentia- 
tion and delivery, but the derivation of vector- 
and transgene-free human iPS cells is nonetheless 
an important advance toward the clinical appli- 
cation of these cells. 
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New drugs are required to counter the tuberculosis (TB) pandemic. Here, we describe the 
synthesis and characterization of 1,3-benzothiazin-4-ones (BTZs), a new class of antimycobacterial 
agents that kill Mycobacterium tuberculosis in vitro, ex vivo, and in mouse models of TB. 

Using genetics and biochemistry, we identified the enzyme decaprenylphosphoryl-f-p-ribose 
2'-epimerase as a major BTZ target. Inhibition of this enzymatic activity abolishes the formation of 
decaprenylphosphoryl arabinose, a key precursor that is required for the synthesis of the 
cell-wall arabinans, thus provoking cell lysis and bacterial death. The most advanced compound, 
BTZ043, is a candidate for inclusion in combination therapies for both drug-sensitive and 


extensively drug-resistant TB. 


he loss of human lives to tuberculosis 

(TB) continues essentially unabated as a 
result of poverty, synergy with the HIV/ 
AIDS pandemic, and the emergence of multi- 
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drug- and extensively drug-resistant strains of 
Mycobacterium tuberculosis (1-3). Despite some 
recent successes, such as the discovery of the 
diarylquinoline drug TMC207 (4) and the prom- 
ise of the bicyclic nitroimidazole compounds 
(5-8), and because of the high attrition rate in 
drug development (9), much greater effort is 
required to find better drugs in order to meet the 
desired goals of killing persistent tubercle bacilli 
and reducing TB treatment duration from 6 to 
less than 3 months (/0, //). 

A series of sulfur-containing heterocycles 
was synthesized and tested for antibacterial and 


antifungal activity (/2, 73). Among their de- 
rivatives, compounds belonging to the nitro- 
benzothiazinone (BTZ) class showed particular 
promise in terms of their potency and specificity 
for mycobacteria. One of them, 2-[2-methyl- 
1,4-dioxa-8-azaspiro[4.5 ]dec-8-yl]-8-nitro-6- 
(trifluoromethyl)-4H-1,3-benzothiazin-4-one 
(BTZ038), was selected for further studies. This com- 
pound (series number 10526038; C;7H)6F3N305S, 
with a molecular weight of 431.4; logP = 2.84) 
(Fig. 1A) was synthesized in seven steps with a 
yield of 36%. Structure activity relationship work 
showed that the sulfur atom and the nitro group at 
positions | and 8, respectively, were critical for 
activity. BTZ038 has a single chiral center, and 
both enantiomers, BTZ043 (S) and BTZ044 (R), 
were found to be equipotent in vitro. Because 
early metabolic studies with bacteria or mice in- 
dicated that the nitro group could be reduced to 
an amino group, and because many TB drugs are 
prodrugs that require activation by M. tuberculosis 
(14), the S and R enantiomers of the amino de- 
rivatives and the likely hydroxylamine intermedi- 
ate were synthesized and tested for antimycobacterial 
activity in vitro (table S1). The amino (BTZ045, 
S and R) and hydroxylamine (BTZ046) deriv- 
atives were substantially less active (500- to 
5000-fold). 

The minimal inhibitory concentrations (MICs) 
of a variety of BTZs against different mycobac- 
teria were very low, ranging from ~0.1 to 80 ng/ml 
for fast growers and from 1 to 30 ng/ml for 
members of the M. tuberculosis complex (/3). 
The MIC of BTZ043 against M. tuberculosis 
H37Rv and Mycobacterium smegmatis were 
1 ng/ml (2.3 nM) and 4 ng/ml (9.2 nM), 
respectively (Table 1), which compares favorably 
with those of the existing TB drugs isoniazid 
(INH) (0.02 to 0.2 ug/ml) and ethambutol (EMB) 
(1 to 5 ug/ml) (/4). From structure activity 
relationship studies, >30 different BTZ deriva- 
tives showed MICs of <50 ng/ml against tubercle 


Table 1. MIC of BTZ043 against three different mycobacterial species and their resistant mutants. 


Strain sins Codon Amino acid 
(ng/ml) 
M. smegmatis mc?155 4 TGC Cysteine 
M. smegmatis MN47 4000 GGC Glycine 
M. smegmatis MN84 >16,000 TCC Serine 
M. bovis BCG 2 TGC Cysteine 
M. bovis BCG BN2 >16,000 TCC Serine 
M. tuberculosis H37Rv 1 TGC Cysteine 
M. tuberculosis NTB9 250 GGC Glycine 
M. tuberculosis NTB1 10,000 TCC Serine 
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bacilli (examples are shown in table S2). 
Crucially, BTZ043 displayed similar activity 
against all clinical isolates of M. tuberculosis that 
were tested, including multidrug-resistant and 
extensively drug-resistant strains, indicating that 
it targets a previously unknown biological func- 
tion (table S3). BTZ043 is bactericidal, reducing 
viability in vitro by more than 1000-fold in under 
72 hours (Fig. 1B), which is comparable to the 
killing effect seen with INH. In two different 
model systems (auxotrophy and starvation) 
involving metabolically inert M. tuberculosis, 
BTZ043 was less effective, which implies that it 
blocks a step in active metabolism, similar to 
INH (/4). 

Observation with time-lapse fluorescence mi- 
croscopy of individual M. smegmatis cells [express- 
ing green fluorescent protein (GFP)] growing in 
a microfluidic device (/5) revealed that upon 
exposure to BTZ043, the growth rate decreased 
rapidly followed by a swelling of the poles and 
lysis of the cells after a few hours (movie S1). 
M. tuberculosis showed similar but delayed be- 
havior (movie S2 and fig. S1). 

Comparative transcriptome analysis of M. 
tuberculosis offered no evidence of mutagenic 
or nitrosative gene expression signatures after 
treatment with BTZ043, although expression of 
60 genes was induced (table S4), and this was 
corroborated with proteomics. The transcription- 
al signature most resembled that generated by 
the cell wall inhibitors INH, isoxyl, and ethion- 
amide, with the greatest overlap seen with the 
response to EMB treatment (/6, /7). This is 
consistent with cell lysis and indicated that BTZ 
targets cell wall biogenesis. 

We then tested the uptake, intracellular kill- 
ing, and potential cytotoxicity of BTZ com- 
pounds in an ex vivo model using a high-content 
screening approach (/8, 79) in order to monitor 
macrophages infected with M. tuberculosis ex- 
pressing GFP. Macrophages treated with BTZ043 
were protected (fig. S2) as compared with those 
treated with the amino derivative BTZ045 or the 
negative controls [dimethyl sulfoxide (DMSO)]. 
The deduced MIC of BTZ043 was <10 ng/ml, 
indicating that this compound is more potent 
than INH (100 ng/ml) and rifampin (>1 ug/ml) 
against intracellular bacteria (Fig. 1C). In con- 
trast, the amino metabolite BTZ045 had an MIC 
of >1yg/ml, which is consistent with the in vitro 
findings (table S1). As a direct correlate of the 
antibacterial effect, there was extensive macro- 
phage survival when all compounds were used at 
doses well above the MIC. BTZ043 was more 
cytotoxic than INH (Fig. 1C) at the highest con- 
centration tested (10 ug/ml) but nonetheless has a 
favorable selectivity index of >100. Additional in 
vitro toxicology tests revealed no particularly un- 
favorable effects (table S4). 

The in vivo efficacy of BTZ043 was assessed 
4 weeks after a low-dose aerosol infection of 
BALB/c mice in the chronic model of TB. Four 
weeks of treatment with BTZ043 reduced the 
bacterial burden in the lungs and spleens by | and 


2 logs, respectively, at the concentrations used 
(Fig. 1D). Additional results suggest that BTZ 
efficacy is time- rather than dose-dependent. 
Acute (5 g/kg) and chronic (25 and 250 mg/kg) 
toxicology studies in uninfected mice showed 
that, even at the highest dose tested, there were no 
adverse anatomical, behavioral, or physiological 
effects after one month (table S5). 

To find the target for BTZ, we employed two 
independent genetic approaches. First, we iden- 
tified cosmids bearing DNA from M. smegmatis 
that confer increased resistance on M. smegmatis, 
and we pinpointed the region responsible by 
subcloning. Second, we isolated and character- 
ized mutants of M. smegmatis, M. bovis Bacille 
Calmette-Guerin (BCG), and M. tuberculosis 
displaying high-level BTZ resistance. The first 
approach revealed that the MSMEG_6382 gene 
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Fig. 1. Comparative BTZ efficacy in in vitro, 
ex vivo, and mouse models. (A) Structure of 
BTZ038. The chiral center involves the methyl 
group at right. (B) Kill-kinetics in batch culture 
showing a decrease in viability of M. tuberculosis 
H37Rv in 7H9 medium containing BTZ043 in 
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of M. smegmatis or its M. tuberculosis ortholog 
rv3790 mediated increased resistance (Fig. 2A), 
whereas the second showed that drug-resistant 
mutants harbor missense mutations in the same 
gene (Table 1). Biochemical studies showed that 
rv3790 and the neighboring gene rv379/ code 
for proteins that act in concert to catalyze the 
epimerization of decaprenylphosphoryl ribose 
(DPR) to decaprenylphosphory] arabinose (DPA) 
(20), a precursor for arabinan synthesis without 
which a complete mycobacterial cell wall can- 
not be produced. These essential membrane- 
associated enzymes (20-23) have been suggested 
to act as decaprenylphosphoryl-B-p-ribose oxi- 
dase and decaprenylphosphoryl-p-2-keto erythro 
pentose reductase, respectively, and we propose 
naming them DprE1 and DprE2. In all of the 
drug-resistant mutants we examined, the same 
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comparison with INH (both at 200 ng/ml). The regrowth after treatment with INH (pound sign indicates 
the experiment was terminated because of resistance) is not seen with BTZ043. (C) Response of macro- 
phages infected with GFP-labeled M. tuberculosis to treatment with different compounds, expressed in 
percent of bacterial load (triangles), cell survival (circles), and infected cells (squares) relative to com- 
pound concentration in grams per milliliter. Each percentage is based on DMSO and INH controls from the 
same experiments. For each concentration, the mean + SEM of the quadruplicate are reported. For the 
original images, see fig. $2. (D) Efficacy of BTZ043 in a mouse model of chronic tuberculosis compared 
with INH, rifampin (RIF), and untreated controls. Red and black columns correspond to the bacterial load 
in the lungs and spleens, respectively, of chronically infected BALB/c mice (4 weeks after infection) at 
day 0 (DO), before treatment. The remaining columns show bacterial loads at day 28 in untreated animals 
(NT) (5 per group) or in mice treated with various drugs at the doses indicated (milligrams per kilogram of 
body weight per day). Bars represent the mean + SEM; data are representative of two independent 
experiments from two different centers. **P = 0.001; ***P < 0.000001. 
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codon of 7v3790 (dprE1) was affected, in which 
Cys387 was replaced by Ser or Gly codons, 
respectively (Table 1). Mutants, harboring alleles 


such as those in MN47 or MN§84, were rare, 
arising at a frequency of <10 *, and were dom- 
inant over the wild-type gene upon introduc- 


A 


Rv3788 
Rv3789 


Rv3790 


Rv3791 


Rv3792 
embC 


=> = =e 
4232374 4241373 


Rv3786c 
—— Ee 
Rv3787c 
MSMEG_6383 MSMEG_6384 MSMEG_6385 
SS SS aap 
MSMEG_6382 


MSMEG_6379 
—=Ee 


MSMEG_6386 


6433539 Li | | | | | | | | | 6442599 


eS Ss 
MSMEG_6380 MSMEG_6381 


tuberculosis (Rv3790) 
bovis 

leprae 

aviun 

avium paratuberculosis 
smegmatis 

aurum 

gilvun 

. vanbalenii 

. Marinum 

Rhodococcus spp. 

Nocardia farcinica 
Corynebacterium glutamicum 


EES SES EEEES 


361 381 401 420 
Lrisineriacndis FP. ! PGWNICVDFPI vicexenleiinaiieeai vines 
SFLNVFKLFGPRNQAPLSFPIPGWNICVDFPIKDGLGKFVSELDRRVLEFGGRLYTAKDS 
SFLNVFKLFGPGNQAPLSFPIPGWNICVDFPIKSGLNEFVNKLDRRVMELGGRLYTAKDS 
SALNVFKLFGPGNRAPLSFPMAGWNVAMDF PNKPGVNEFLNELDRRVLOFGGRVYTAKDS 
SALNVFKLFGPGNRAPLSFPMAGWNVAMD F PNKPGVNEFLNELDRRVLOFGGRVYTAKDS 
SFLNVFKLFGPGNQAPLSFPIPGWNVCVDFPIKAGLHEFVTELDRRVLEFGGRLYTAKDS 
SFLNVFKLFGPRNQAPLSFPIPGWNI SVDFPIKDGLGKFVSELDRRVLEFGGRLYTAKDS 
SFLNVFKLFGPGNQAPLSFPIPGWNVCVDFPITAGLNEFLNGLDKRVLQFGGRLYTAKDS 
SFLNVFKLFGPGNDAPLSFPIPGWNVCVDFQINPGLNEFLNGLDKRVLEFGGRLYTAKDS 
SFLNVFKLFGAGNQAPLSFPIPGWNICVDFPIKAGLNEFVSELDRRVMEFGGRLYTAKDS 
SFLNVFKLFGEGNQAPLSFPIPGWNICVDFRIKPGLNEFVTELDKRVLKFGGRLYTAKDS 
SFLNVFKYFGQGNQAPLSFPMPGWNVCLDFPIKPGLNEFVTELDSRVLEFGGRLYTGKDS 
SALNVFKLFGEGNKAPLSY PMPGWNVCVDF PIKPGLGAFLDDLDKRVMEFGGRLYLAKES 


do kok dodo: bs ok: ek Ok ek 


Fig. 2. Identification of the BTZ target. (A) Organization of genomic regions of M. tuberculosis and 


M. smegmatis associated with BIZ resistance. (B) Multiple alignment of the BTZ resistance— 


determining region in orthologs of Rv3790 from various actinobacteria. 
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(DprE1) and Rv3791 
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were used in the experi- 
ment (26) expressed the 
following M. tuberculosis 
proteins: lane 1, none; Cc 
lane 2, Rv3790-Rv3791; 
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wall fractions from BTZ-sensitive M. bovis BCG and its BTZ-resistant mutant, BN2 (Table 1). 
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tion into a BTZ-susceptible mycobacterium. 
Comparative genomics revealed that the BTZ 
resistance—determining region of rv3790 was 
highly conserved in orthologous genes from var- 
ious actinobacteria, except that in a few cases 
Cys387 was replaced by Ser or Ala (Fig. 2B). The 
corresponding bacteria, M. avium and M. aurum, 
were found to be naturally resistant to BTZ 
(table S3), thus supporting the identification of 
DprE1/Rv3790 as the target. 

Further corroboration was obtained biochem- 
ically (Fig. 3) by using membrane preparations 
from M. smegmatis to catalyze the epimerization 
reaction from radiolabeled DPR precursor, which 
was produced in situ from 5-phosphoribose di- 
phosphate (20), in the presence or absence of 
BTZ. Addition of BTZ038, or its enantiomers 
BTZ043 and BTZ044, abolished the production 
of DPA from DPR. This reaction was scarcely 
affected by either the S or R forms of BTZ045 
(Fig. 3A) or by BTZ046 (fig. S3). Using recom- 
binant proteins, we found that the reaction re- 
quires both DprE1 and E2 (Rv3790 and Rv3791) 
(Fig. 3B), with neither enzyme alone capable of 
catalyzing DPA formation. Furthermore, when 
BN2, the highly BTZ-resistant mutant of M. 
bovis BCG, or M. smegmatis MN47 and MN84, 
with missense mutations in MSMEG_6382 
(dprE1) (Table 1), were used as sources of en- 
zymes, epimerization was no longer subject to 
inhibition (Fig. 3C and fig. S3), thereby con- 
firming identification of the BTZ target. 

The point of BTZ inhibition in the biosyn- 
thetic pathway for arabinan precursors is shown 
in fig. S4, and as predicted by the gene expres- 
sion profiling results, BTZ and EMB both target 
the same pathway, which is restricted to certain 
actinobacteria. The latter drug acts downstream 
on the EmbCAB arabinosy] transferases that use 
DPA, the sole arabinan donor in mycobacteria, to 
produce arabinogalactan or lipoarabinomannan 
(24, 25). Consistent with DPA limitation, BTZ 
treatment also blocks the production of both of 
these species (fig. S3). Arabinogalactan plays a 
critical function in the mycobacterial cell enve- 
lope by acting as a covalent linker between pepti- 
doglycan on the inside and the mycolic acids at 
the outer surface, thus playing a pivotal role in 
cellular integrity. A major difference between the 
two drugs lies in the potency of BTZ, which is 
1000-fold more active than EMB against M. 
tuberculosis. 

In conclusion, BTZ is a candidate for de- 
velopment into a sterilizing TB drug acting on 
the enzyme decaprenylphosphoryl-f-p-ribose 
2'-epimerase. This target has been chemically 
validated in vivo and can now be used in 
screening for the identification of additional 
inhibitors. 
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Mammalian Expression of Infrared 
Fluorescent Proteins Engineered 
from a Bacterial Phytochrome 


Xiaokun Shu,” Antoine Royant,? Michael Z. Lin,? Todd A. Aguilera,? Varda Lev-Ram,” 


Paul A. Steinbach,”? Roger Y. Tsien*** 


Visibly fluorescent proteins (FPs) from jellyfish and corals have revolutionized many areas of 
molecular and cell biology, but the use of FPs in intact animals, such as mice, has been 
handicapped by poor penetration of excitation light. We now show that a bacteriophytochrome 
from Deinococcus radiodurans, incorporating biliverdin as the chromophore, can be engineered 
into monomeric, infrared-fluorescent proteins (IFPs), with excitation and emission maxima of 
684 and 708 nm, respectively; extinction coefficient >90,000 M* cm~*; and quantum yield of 
0.07. IFPs express well in mammalian cells and mice and spontaneously incorporate biliverdin, 
which is ubiquitous as the initial intermediate in heme catabolism but has negligible fluorescence 
by itself. Because their wavelengths penetrate tissue well, IFPs are suitable for whole-body 
imaging. The IFPs developed here provide a scaffold for further engineering. 


animals is most feasible between 650 and 

900 nm because such wavelengths mini- 
mize the absorbance by hemoglobin, water, and 
lipids, as well as light-scattering (/, 2). Thus, 
genetically encoded IFPs would be particularly 
valuable for whole-body imaging in cancer and 
stem cell biology (3, 4), gene therapy, and so on. 
However, excitation and emission maxima of 
FPs have not yet exceeded 598 and 655 nm, re- 
spectively (5-7). Somewhat longer wavelengths 
(644-nm excitation, 672-nm emission) have been 
observed in a phytochrome-based FP that incor- 


iE vivo optical imaging of deep tissues in 
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porates phycocyanobilin (PCB) as the chromo- 
phore (8). However, neither incorporation of 
exogenous PCB nor transfer of its biosynthetic 
pathway into animal cells has yet been demon- 
strated. Bacterial phytochromes are more prom- 


ising because they incorporate biliverdin [Xa 
(BV) instead of PCB (9), and BV is the initial 
intermediate in heme catabolism by heme oxy- 
genase (HO-1) in all aerobic organisms, includ- 
ing animals. For example, normal adult humans 
endogenously generate and metabolize 300 to 
500 mg BV each day simply from routine heme 
breakdown (/0). Recently, a full-length bacterio- 
phytochrome (DrBphP) from Deinococcus 
radiodurans with a single mutation (D207H) 
(/1) was reported to be red fluorescent at 622 nm 
upon excitation of the Soret band near 416 nm 
(12). Excitation of the Q band absorbing at 
699 nm gave no fluorescence (/2), which con- 
tradicted Kasha’s rule that fluorescence occurs 
from the lowest excited state. Emission peaks 
at 710 to 725 nm have been observed from var- 
ious forms of Rhodopseudomonas palustris (13) 
and Pseudomonas aeruginosa (14) bacteriophyto- 
chromes expressed in Escherichia coli, but flu- 
orescence efficiencies have not been quantified, 
and reconstitution in nonbacterial systems has 
not yet been demonstrated. 

To minimize the probability of nonradia- 
tive decay, we chose to limit DrBphP to its 
chromophore-binding domain (CBD), consist- 
ing of the PAS and GAF domains, which are 
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Fig. 1. Infrared fluorescent proteins created by structure-based engineering of a bacteriophyto- 
chrome. (A) Fourteen residues surrounding the biliverdin in DrCBD [Protein Data Bank (PDB) ID: 
1ztu] (16) were divided into seven groups (shown in different colors) and targeted for mutagenesis. 
(B) Normalized excitation (blue) and emission (red) spectra of IFP1.4. 
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necessary and sufficient for covalent incorpora- 
tion of BV (15, 16). We discarded the PHY do- 
main and the C-terminal histidine kinase—related 
domain (HKRD) (9), which transduce excited- 
state energy into conformational change and 
biochemical signaling (/6). A gene encoding 
DrCBD (321 amino acids) with the D207H 
mutation (in which His replaces Asp at codon 
207) was synthesized with codons optimized 
for E. coli (17). When coexpressed with cya- 
nobacterial HO-1 in E. coli and excited near 
700 nm, the truncated mutant fluoresced in the 
infrared with emission maximum of 722 nm. 
However, this mutant, dubbed IFP1.0, is weakly 
fluorescent (table S1), reversibly photofatigu- 
able (fig. S1), and dimeric (fig. S2). The dimer- 
ization of IFP1.0 is due to at least four residues 
(Y307/L311/L314/V318) through hydrophobic 
interactions (fig. S3A). 

On the basis of the crystal structure of 
DrCBD (/6), nonradiative decay of the excited 
chromophore is probably promoted by rotation 
of the D pyrrole ring because of relatively sparse 
packing of surrounding residues. Multiple se- 
quence alignment of >100 phytochromes re- 
vealed conserved residues, some of which may 
contribute to photoisomerization [see supporting 
online material (SOM) text]. In order to increase 
the brightness of IFP1.0, 14 residues near the D 
ring were chosen and divided into seven groups 
for saturation mutagenesis (Fig. 1A), followed 
by DNA shuffling, which generated IFP1.1, with 
excitation and emission maxima of 686 and 713 
nm, respectively, and brightness greater than that 
of IFP1.0 by a factor of ~2.6 (table S1). Several 
more rounds of directed evolution of IFP1.1 led 
to IFP1.4 (fig. S4). 

IFP1.4 is about four times brighter than 
IFP1.0 (table S1), and its fluorescence is stable 
over a wide pH range from 5 to 9 (fig. S5). 
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Fig. 2. Imaging of IFP1.4 and IFP1.4-PH*<" jn 
HEK293A cells. (A) Fluorescence image of 
IFP1.4 taken with Cy5.5 filter set (665 + 22.5 
nm excitation, 725 + 25 nm emission) with and 
without differential interference contrast (DIC). 
(B) Confocal laser-scanning microscopy of 
IFP1.4-PH**" before and after insulin stimula- 
tion (excitation by 635-nm laser, emission by 
650-nm long-pass filter). 


IFP1.4 is monomeric (fig. S2) and no longer 
shows significant reversible photofatigue (fig. 
S1). At an excitation rate that initially produces 
1000 emitted photons per s per molecule of 
IFP1.1 or 1.4, the time to photobleach by 50% 
(t/2) is 8.5 or 8.4 s, respectively. For compar- 
ison, t/2 of the popular yellow fluorescent pro- 
tein Venus is 15 s (/8). A rationally introduced 
mutation L311K replaced a hydrophobic group 
by a charged amino acid and disrupted the 
dimer interface in IFP1.2 (fig. S3B). Mutation 
A288V likely eliminated the residual photo- 
conversion of IFP1.0, because two additional 
methyl groups of Val?** may limit the D-ring 
rotation. However, the excitation and emission 
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maxima of IFP1.4, 684 and 708 nm, respective- 
ly, are slightly blue-shifted compared with IFP1.0 
(Fig. 1B). The blue shift may have resulted from 
using 676-nm excitation, the longest-wavelength 
laser line available to us, to select for higher 
brightness during fluorescence-activated cell 
sorting. 

Expression of IFP1.4 alone without exoge- 
nous BV leads to bright and homogeneous in- 
frared fluorescence in human embryonic kidney 
cells (HEK293A) (Fig. 2A). Furthermore, exog- 
enously added BV further increased infrared 
fluorescence of transfected cells including neu- 
rons (fig. S6), which demonstrated that BV is 
membrane-permeant and adds rapidly to fill 
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Fig. 3. Imaging of GFP, mKate, and IFP1.1 in living mice. (A) Liver fluorescence of living mice injected 
with Ad5I (top row) and Ad5K (bottom row), imaged in the IFP excitation and emission channel before 
and after BV administration, mKate channel before and after BV, and GFP channel (27). Images 
through the mKate channel have been 5x brightened in software to render them visible, so the relative 
gains of the IFP channel, mKate channel, and GFP channel were 1, 5, and 1, respectively. Arrows point 
to the liver. Note that the GFP images are dominated by autofluorescence, which renders the livers 
invisible. (B) Time course of averaged and normalized Ad5I liver fluorescence before and after BV 
injection. (C) Images of IFP-expressing mouse showing spectrally deconvoluted liver fluorescence (left, 
red) and its overlay (right) with autofluorescence (gray). 
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Fig. 4. Analysis of mKate and IFP1.1 visibility and expression levels in livers of mice infected with Ad5I 
and Ad5K. (A) IFP and mKate fluorescence images before dissection (skin on), after removal of skin (skin 
off), and after removal of overlying peritoneum and rib cage (liver exposed). mKate images were 2.5x 
brightened relative to IFP images. Note that the Ad5l-infected mouse was imaged after 250 nmol 
intravenous injection of BV. See bright-field images in fig. $9. (B) Fluorescence intensity (signal-to-noise 
ratio) analysis of livers from (A). Average of 80 pixels in the horizontal x axis divided by the average of 
the 30 most rostral horizontal lines from each of the images starting below the liver (i.e., signal-to-noise 
ratio), moving rostrally for 300 lines. (C) Frozen sections were imaged to show IFP, mKate, and GFP 
expression with a fluorescence stereomicroscope (Lumar, Zeiss) (17), displayed with relative intensity 
gains of 10, 5, and 1, respectively. Scale bar, 200 um. 


IFP1.4 when endogenous BV had not saturated 
the protein. The half-life of IFP1.4 is about 4 
hours in HEK293A cells (figs. S7, S8). 

As a simple demonstration that IFP1.4 fu- 
sions can be functional, IFP1.4 was fused to the 
pleckstrin homology (PH) domain of human 
AKTI1 (/9). This PH domain is known to bind 
to phosphatidylinositol 3,4,5-trisphosphate formed 
at the plasma membrane after growth factor 
stimulation. Serum-starved HEK293 cells ex- 
pressing the IFP1.4-PH“S™ fusion showed IR 
fluorescence diffusely distributed in the cytosol, 
but this signal translocated to the plasma mem- 
brane within 10 min after insulin stimulation (Fig. 
2B), which illustrated that IFP1.4 can highlight 
the trafficking of fusion proteins. 

Expression of IFPs in intact mice via adeno- 
virus serotype 5 (Ad5) also produced infrared 
fluorescence. Ad5 is well known to infect mouse 
liver specifically (20). Two modified versions 
of Ad5 were generated: AdSI and Ad5K. AdS5I 
contains the genes for IFP1.1 and green flu- 
orescent protein (GFP), the latter controlled by 
an internal ribosome entry sequence (IRES) (/7). 
Ad5K encodes mKate, a red fluorescent protein 


advocated for in vivo imaging (5), and IRES- 
GFP. Weak infrared fluorescence of liver was 
detected 5 days after intravenous injection of 
Ad5SI through tail vein (Fig. 3A). The whole liver 
was easily detected after intravenous injection of 
250 nmol (~7 mg/kg) BV (Fig. 3A). The increase 
in liver fluorescence was half-maximal in ~10 
min and maximal (about fivefold) 1 hour after 
BV injection (Fig. 3B). Resolution of IFP fluores- 
cence from background autofluorescence can be 
enhanced by spectral deconvolution (Fig. 3C). 
The three-dimensional distribution of IFP fluo- 
rescence in the mouse liver can be reconstructed 
tomographically (fig. S9). BV injection did not 
cause observable toxicity in mice (2/). Further- 
more, higher doses of BV (35 to 50 mg/kg) 
have been reported to give beneficial protection 
in vivo against reactive oxygen species (22) and 
transplantation-induced injury (23). As a control, 
intravenous injection of 250 nmol BV did not 
generate infrared fluorescence in either AdSK- 
infected mice (Fig. 3A) or uninfected mice (not 
shown). The far-red fluorescence of mKate was 
observed in AdSK-infected liver and was un- 
affected by BV. Neither AdSI- nor AdSK-infected 


intact mice displayed GFP fluorescence in their 
livers (Fig. 3A). Removal of the overlying skin, 
followed by complete exposure of the liver, in- 
creased the mKate fluorescence by a much 
greater factor than for the IFP signal (Fig. 4 and 
fig. S10), which showed how overlying tissues 
attenuate mKate’s excitation and emission wave- 
lengths to a greater extent than those for IFP. 

The entire dissected liver was fluorescent for 
mice expressing IFP and mKate (fig. S11), which 
suggested virus infection of the whole liver. GFP 
fluorescence became visible only after complete 
extraction of the liver and was similar for AdSI 
and AdSK (fig. S11), which indicated similar 
efficiencies of viral infection. Fluorescence mi- 
croscopy of frozen sections showed fluorescence 
increasing in the order IFP1.1 < mKate < GFP 
fluorescence (Fig. 4C), which confirmed that 
IFP remains detectable in histology and that its 
improved visibility in vivo is due not to higher 
expression levels but rather to superior penetra- 
tion of longer excitation and emission wave- 
lengths through bulk pigmented tissue. 

IFPs can be imaged over spatial scales from 
subcellular resolution up to strongly pigmented 
organs within intact whole mammals, whereas 
luciferase-based bioluminescence is useful main- 
ly for whole-body imaging (24). The wavelengths 
of IFPs are particularly well-suited to optical 
tomographic reconstruction (fig. S9) (25). Even 
for microscopic imaging where existing FPs 
are highly effective, IFPs should reduce the con- 
tribution of cellular autofluorescence; enable 
excitation by cheap laser diodes; add new wave- 
lengths for multicolor labeling; and accept reso- 
nance energy transfer from other dyes, FPs, or 
bioluminescent proteins. BV is uniquely advan- 
tageous as a cofactor because it is spontaneously 
and irreversibly incorporated into bacteriophy- 
tochromes (26), nontoxic at appropriate doses 
(21-23), nonfluorescent by itself, endogenously 
produced, and can be further supplemented either 
by expression of HO-1 or by direct administra- 
tion of commercially available material. HO-1 is 
an important enzyme in its own right and is 
involved in various diseases (27). Its cumulative 
activity could be monitored by IFP fluorescence 
if apoprotein expression were in excess over 
BV. More than 1500 bacteriophytochrome-like 
sequences are already available in the National 
Center for Biotechnology Information (NIH) and 
CAMERA databases (28). These genes should 
provide raw material for selection and directed 
evolution of photochemical transducers based 
on a scaffold completely independent of the 11- 
stranded B barrel of coelenterate FPs. 
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High-Throughput Sequencing of the 
Zebrafish Antibody Repertoire 


Joshua A. Weinstein,’* Ning Jiang,2* Richard A. White III,> 


Daniel S. Fisher,”’*> Stephen R. Quake*?"*t 


Despite tremendous progress in understanding the nature of the immune system, the full 
diversity of an organism's antibody repertoire is unknown. We used high-throughput 
sequencing of the variable domain of the antibody heavy chain from 14 zebrafish to analyze 
VD] usage and antibody sequence. Zebrafish were found to use between 50 and 86% of all 
possible VD] combinations and shared a similar frequency distribution, with some correlation of 
VD] patterns between individuals. Zebrafish antibodies retained a few thousand unique heavy 
chains that also exhibited a shared frequency distribution. We found evidence of convergence, 
in which different individuals made the same antibody. This approach provides insight into the 
breadth of the expressed antibody repertoire and immunological diversity at the level of an 


individual organism. 


he nature of the immune system’s anti- 

| body repertoire has been a subject of 
fascination for more than a century. This 
repertoire is highly plastic and can be directed to 
create antibodies with broad chemical diversity 
and high selectivity (7, 2). There is also a good 
understanding of the potential diversity available 
and the mechanistic aspects of how this diversity 
is generated. Antibodies are composed of two 
types of chains (heavy and light), each contain- 
ing a highly diversified antigen-binding domain 
(variable). The V, D, and J gene segments of the 
antibody heavy-chain variable genes go through 
a series of recombination events to generate a 
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new heavy-chain gene (Fig. 1). Antibodies are 
formed by a mixture of recombination among 
gene segments, sequence diversification at the 
junctions of these segments, and point mutations 
throughout the gene (3). Estimates of immune 
diversity for antibodies or the related T cell re- 
ceptors either have attempted to extrapolate from 
small samples to entire systems or have been 
limited by coarse resolution of immune receptor 
genes (4). However, certain very elementary ques- 
tions have remained open more than a half-century 
after being posed (/, 5, 6): It is still unclear what 
fraction of the potential repertoire is expressed in 
an individual at any point in time and how similar 
repertoires are between individuals who have lived 
in similar environments. Moreover, because each 
individual’s immune system is an independent ex- 
periment in evolution by natural selection, these 
questions about repertoire similarity also inform 
our understanding of evolutionary diversity and 
convergence. 

Zebrafish are an ideal model system for 
studying the adaptive immune system because 
in evolutionary terms they have the earliest rec- 


ognizable adaptive immune system whose fea- 
tures match the essential human elements (7, 8). 
Like humans, zebrafish have a recombination 
activating gene (RAG) and a combinatorial re- 
arrangement of V, D, and J gene segments to 
create antibodies. They also have junctional 
diversity during recombination and somatic hy- 
permutation of antibodies to improve specificity, 
and the organization of their immunoglobulin 
(Ig) gene loci approximates that of human (9). In 
addition, the zebrafish immune system has only 
~300,000 antibody-producing B cells, making it 
three orders of magnitude simpler than mouse 
and five orders simpler than human in this 
regard. 

We developed an approach to characterize 
the antibody repertoire of zebrafish by analyzing 
complimentarity-determining region 3 (CDR3) of 
the heavy chain, which contains the vast majority 
of immunoglobulin diversity (70, //) and can be 
captured in a single sequencing read (Fig. 1). Using 
the 454 GS FLX high-throughput pyrosequencing 
technology allowed sequencing of 640 million 
bases of zebrafish antibody cDNA from 14 
zebrafish in four families (Fig. 1B). Zebrafish were 
raised in separate aquaria for each family and were 
allowed to have normal interactions with the en- 
vironment, including the development of natural 
internal flora. We chose to investigate the quiescent 
state of the immune system, a state where the 
zebrafish had sampled a complex but fairly in- 
nocuous environment and had established an equi- 
librium of normal immune function. mRNA was 
prepared from whole fish, and we synthesized 
cDNA using primers designed to capture the entire 
variable region. 

Between 28,000 and 112,000 useful sequenc- 
ing reads were obtained per fish, and we focused 
our analysis on CDR3 sequences. Each read was 
assigned V and J by alignment to a reference with 
a 99.6% success rate (table $3); failures were due 
to similarity in some of the V gene segments. D 
was determined for each read by applying a clus- 
tering algorithm to all of the reads within a given 
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VJ and then aligning the consensus sequence 
from each cluster to a reference. D was assigned 
to 69.6% of reads; many of the unassignable cases 
had D regions mostly deleted. Both the isotypes 
that are known to exist in zebrafish (IgM and IgZ) 
were found, and their relative abundance agrees 
with previous studies (/2). Our analysis focused 
on IgM, which is the most abundant species; IgZ 
data are presented in figs. S3 and S4 (/3). 

There are 975 possible VDJ combinations in 
zebrafish (39 V x 5 D x 5 J=975 VDJ). In any 
given fish, the VDJ combination coverage was at 
least 50% and in some cases at least 86% (Fig. 2). 
By using subsets of the full data set to perform 
rarefaction studies, we demonstrated that our sam- 
pling of the VDJ repertoire was asymptoting 
toward saturation (Fig. 3A). Any VDJ classes 
that may be missing from the data are occurring 
at frequencies below 10+ to 10°. There was a 
commonality to the frequency distributions of 
VDJ usage that was independent of the specific 
VDJ repertoire for individual fish (Fig. 3B). Spe- 
cifically, the majority of VDJ combinations in 
each fish were of low abundance, but a similarly 
small fraction—although different combinations 
for different fish—were found at high frequen- 
cies. This distribution could be used to constrain 
theoretical models of repertoire development. 

We next asked whether there is a quantitative 
relationship between the VDJ usage of different 
fish. The VDJ repertoire is a vector in which each 
element records the number of reads that map to a 
particular VDJ class. The dot product between 
VDJ repertoire vectors measures the degree of 
correlation between different fish (table S5 and 
Fig. 3C) [control experiments are described in 
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Most fish were uncorrelated in their VDJ 
repertoires; however, some fish were highly cor- 
related, and three pairs of fish had correlation co- 
efficients in the range 0.62 to 0.75. Some of these 
correlations appear to derive from the largest VDJ 
class in the repertoire (table SSA and Fig. 3C). 
When the fish-fish VDJ correlations were com- 
puted in the absence of the largest VDJ class, we 
discovered that although the largest correlations 
disappeared, a new set of correlations appeared 
between a larger fraction of the fish (table SSB 
and Fig. 3D). These correlations were mostly 
weaker than the previous correlations but still 
well above the statistical noise. 

We were surprised to find measurable corre- 
lation in antibody repertoires between indepen- 
dent organisms. We created a model for random 
VDJ repertoire assembly, using simulated VDJ 
distributions that replicated the actual measured 
distributions and coverage fractions. The corre- 
lations in these simulated VDJ repertoires are all 
near zero, and the probability of two fish having a 
highly correlated random repertoire is less than 
10 © (Fig. 3, C and D). Thus, even though the 
VDJ repertoire is believed to be generated by a 
series of random molecular events within indepen- 
dent individual cells, in zebrafish the VDJ repertoire 
appears substantially structured and nonrandom on 
a global scale. It is possible that the source of this 
structure is simply convergent evolution, that the 
fish see a similar enough environment that selec- 
tion in their quiescent immune systems converges 
to correlated VDJ usage. It is also possible that this 
distribution reflects bias in the VDJ recombination 
mechanisms, which would have important impli- 
cations for antibody diversity space and would 
suggest that the number of solutions to a given 
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antigen recognition problem, or at least the num- 
ber that are readily evolvable, may be much smaller 
than previously assumed. 

Summarizing the VDJ repertoire with a sim- 
ple count of the number of different VDJ com- 
binations neglects the variation in abundance of 
different VDJ species. Ecologists have the same 
problem in characterizing species diversity; they 
refer to the counting approach as species rich- 
ness and have developed other methods to char- 
acterize variation of abundance, which they 
term “heterogeneity” (/4). The most popular 
approach to characterize heterogeneity is based on 
information theory, specifically the Shannon- 
Weaver entropy, which summarizes the frequen- 
cy distribution in a single number (/4). The VDJ 
repertoire entropies generally varied between 3.1 
and 7.7 bits for individual fish. Exponentiating 
the entropy indicates the effective size of the VDJ 
repertoire, and this varied between 9 and 200 with 
an average of 105, or an average effective VDJ 
repertoire coverage of about 9%. This can be in- 
terpreted as the fraction of highly expressed VDJ 
classes. 

Whereas the VDJ repertoire provides a coarse 
view of immunological diversity, each VDJ class 
can contain a large number of distinct individual 
antibodies that differ as a result of hypermuta- 
tions and junctional changes. We characterized 
the antibody repertoire by using quality thresh- 
old clustering of Smith-Waterman alignments to 
group similar reads together; each cluster defines 
an antibody. Performing this analysis on control 
data with well-defined sequence clones allowed 
us to calibrate the clustering algorithm and sepa- 
rate true hypermutation diversity from sequenc- 
ing errors. Many VDJ combinations included a 


Fig. 1. (A) Schematic drawing of the VDJ re- 
combination of an antibody heavy-chain gene, the 
cDNA amplicon library construction, and the in- 
fomatics pipeline. The heavy-chain VD] segment of 
an antibody is created by recombination, junctional 
diversity, and hypermutation. We designed primer 
sets to amplify the expressed heavy-chain mRNA, 
which were then sequenced and analyzed as out- 
lined. High-throughput sequencing allows determi- 
nation of the identity of nearly all heavy-chain 
sequences. (B) Gender and family information for 
the 14 sequenced zebrafish. 
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Fig. 2. The entire expressed VDJ repertoires for 
individual fish g, h, j, and k (top to bottom). The 
three axes enumerate all possible V, D, and J 
values, so each point in three-space is a unique 
VD} combination. Both the size of the sphere at 
each point and the intensity correspond to the 
number of reads matching that particular VD) 
combination. Gray scale is plotted on a linear 
scale, and the dot size is plotted on a log scale. 
The upper limits of the scales are set to the most 
populated VDJ combination for each fish, with 
PCR bias factored out. 


Fig. 3. VDJ repertoire analysis for all 14 fish. 
(A) Abundance distribution for each VDJ com- 
bination. A small number of VD] combinations 
are highly represented in each fish, and most 
VDJ combinations are represented only at low 
abundance. The shape of the distribution is com- 
mon among all of the fish sampled. This his- 
togram is oriented sideways (from left to right) 
to emphasize that a small number of VDJ com- 
binations are highly abundant, with a distribu- 
tion that falls off rapidly. (B) Rarefaction analysis 
of VD) diversity demonstrates that as one se- 
quences more deeply into a fish, the number of 
new VDJ classes discovered saturates. (C) Histo- 
gram of correlations between VDJ repertoires. 
The data are collected as histograms and com- 
pared to simulated fish which have random VD] 
repertoires. The simulated fish have no signifi- 
cant correlations, whereas some of the real fish 
have high correlations, representing 5 SD out- 
liers of the random model. The highest correla- 
tions are from males in the same family (table 
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S5A). (D) When the largest VDJ class in each fish is eliminated, the correlations are reduced and there is a larger proportion of moderate female 


correlations. 
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Fig. 4. Antibody heavy-chain repertoire diversity 
estimates for IgM in all 14 fish. (A) Rarefaction 
analysis of heavy-chain diversity demonstrates that 
as one sequences more deeply into a fish, the 
number of new antibodies discovered saturates at a 
few thousand. (B) Antibody abundance distribu- 
tions for each fish. This histogram is oriented 
sideways (from left to right) to emphasize that a 
small number of antibodies (clusters) are highly 
abundant, with a distribution that falls off rapidly 
as a power law. The shape of the distribution is 
universal among all of the fish sampled. The bend 
at small abundance is caused by variability in the 
total reads sampled per fish and is not significant. 
(C) Total antibody diversity estimates for IgM using 
different criteria. VD] diversity is the number of VD] 
classes per fish, as described in Fig. 3A. Antibodies 
observed (>2 reads; VD] classes composed only of 
antibody clusters with two or fewer reads are 
counted as one) is the number of unique antibodies 
per fish described in Fig. 4A. Capture-recapture 
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estimate 1 refers to an estimate based on observed antibody abundances 
(13). Capture-recapture estimate 2 refers to an estimate using equal 
probability of all antibodies. Antibodies observed, undercount corrected 
refers to the upper bound. (D) Histogram of number of fish with shared IgM 
sequences. Hundreds of sequences are shared between pairs of fish, while a 


few tens of sequences are shared between three fish. Five sequences are 
shared between four or more fish, and none are shared among all fourteen 
fish. Sequence comparisons without mutations incorporate differences at the 
V/D and D/J junctions alone. Convergence on the amino acid level is also 
plotted. 


large number of distinct antibodies. We found 
that the overall distribution of the abundances 
of the antibodies followed an apparent power 
law with scaling parameter 2.2, and this was 
consistent among all fish over two decades (Fig. 
4B). This behavior may represent an important 
signature of the underlying dynamics of the 
adaptive immune system. It was not observed 
for either the control data or the VDJ distribu- 
tions, and thus we ruled out the possibility that 
it is an artifact of polymerase chain reaction 
(PCR) bias. 

There are several ways to use this data to es- 
timate the number of unique antibodies per fish. 
The first is to perform rarefaction studies and de- 
termine whether the number of independent clus- 
ters tends to saturate. We did this and found that 
the saturation occurs at between ~1200 and 3500 
unique antibodies per fish (Fig. 4A). Another 
way is by applying approaches used in ecology to 
estimate population sizes and diversity—sample 
and resample techniques (/5). This yielded an 
estimate of between 1200 and 3700 unique anti- 
bodies per fish, whether applied blindly or using 
knowledge of the antibody abundance distribu- 
tions (Fig. 4C). Both approaches are lower bounds 
on the true antibody diversity because antibodies 
that differ by only one or two mutations will be 
incorporated into the same cluster. We corrected 
for this effect by reanalyzing the data within each 
cluster with zero error tolerance, only matching 
exact reads. The largest clusters each had several 
subclusters with more than two reads each, and 
the control sequence data indicated that probably 
half of those clusters are real while the other half 
are artifacts due to sequencing error. By com- 
bining this stringent method of finding small 
differences in common sequences with the more 


permissive method of clustering rare sequences 
with less similarity together (thereby having 
tolerance to sequencing errors on rare tran- 
scripts), we estimated that the upper limit of 
heavy-chain antibody diversity is within 50% of 
the lower bound estimates, or between 5000 and 
6000 antibodies in an individual fish. 

To see how often repertoires converged to 
the same antibody, we searched for sequences 
that are shared between fish. Although there 
were no antibodies common to all fish, some 
antibodies were shared between smaller groups 
of fish (Fig. 4D). These cases of convergent 
evolution were more frequent than one would 
expect from a random usage model, with P 
values as low as 10 '°. Unexpectedly, different 
individuals shared heavy chains that were iden- 
tical in the region we sequenced, even up to hy- 
permutation. Specifically, there were 254 unique 
sequences shared between two fish and 2 unique 
sequences shared between five fish. These data 
illustrate the powerful forces of selection and 
perhaps can be used to estimate evolutionary dy- 
namics in this system. 

In conclusion, we have performed a compre- 
hensive measurement of the heavy-chain anti- 
body repertoire of zebrafish. We discovered that 
the abundance distributions of both the VDJ rep- 
ertoire and antibody heavy-chain diversity were 
similar between individuals, that VDJ usage is 
not uniform, that individuals can have highly 
correlated VDJ repertoires, and that convergent 
evolution of identical heavy-chain sequences is 
unexpectedly common. With the rapid advance 
of sequencing throughput, it will soon be pos- 
sible to make similar measurements on mice and 
humans. These organisms use the same molecu- 
lar mechanisms for repertoire generation as fish; 


thus, we predict that they may also show similar 
distributions of antibody frequencies. 
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Movement Intention After Parietal 
Cortex Stimulation in Humans 


Michel Desmurget,?? Karen T. Reilly, Nathalie Richard,” Alexandru Szathmari,? 


Carmine Mottolese,? Angela Sirigu”’2* 


Parietal and premotor cortex regions are serious contenders for bringing motor intentions and 
motor responses into awareness. We used electrical stimulation in seven patients undergoing 
awake brain surgery. Stimulating the right inferior parietal regions triggered a strong intention 
and desire to move the contralateral hand, arm, or foot, whereas stimulating the left inferior 
parietal region provoked the intention to move the lips and to talk. When stimulation intensity was 
increased in parietal areas, participants believed they had really performed these movements, 
although no electromyographic activity was detected. Stimulation of the premotor region triggered 
overt mouth and contralateral limb movements. Yet, patients firmly denied that they had moved. 
Conscious intention and motor awareness thus arise from increased parietal activity before 


movement execution. 


central question in the study of human 
Awe concerns the origin of willed 
actions. Where in the brain are intentions 
formed? How do we become aware of these 
intentions? According to the dualist philosophy 
(J), our encephalon is just the recipient of con- 
scious intentions formed elsewhere in a non- 
physical realm. This implies that conscious intention 
comes first, as the leading cause of our actions. 
Although appealing from a spiritual point of view, 
this hypothesis was progressively challenged by a 
large set of studies (2-4). Results showing that the 
decision to move did not precede, but instead 
lagged, the onset of brain activity signaling motor 
preparedness were especially convincing (5-7). 
Thus, researchers suggested that conscious inten- 
tion of a movement emerged as a consequence of 
increased neural activity in a premotor-parietal cir- 
cuit, which elaborates motor plans before action 
(2). This cortical circuit has also been involved in 
motor awareness, that is, the awareness that we are 
actually executing the intended action (7—/0). 
However, the specific contribution of premo- 
tor and parietal regions to conscious intention and 
motor awareness remains unclear. We reasoned 
that, by directly stimulating parietal and premotor 
cortex regions, we should be able to evoke motor 
responses in specific body parts and that, in areas 
involved in carrying out advance computations 
related to conscious intention and motor aware- 
ness, these movements should be accompanied 
or preceded by the subjective experience of willed 
actions. We used direct electrical stimulation 
(DES) in seven individuals with brain tumors 
located anteriorly (V = 4, PM1 to PM4) or pos- 
teriorly (V = 3, PP1 to PP3) to the central sulcus. 
Patients were operated under local anesthesia by 
using DES as a functional mapping technique 
in order to minimize the risk of postoperative 
sequelae (//). DES was delivered with a bipolar 
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electrode using standard increasing intensities 
(2, 5, and 8 mA) and durations (1, 2, and 4 s). 
Up to four replications were performed for each 
stimulation site. Replications were delivered non- 
consecutively to avoid provoking seizures. 
Throughout the experiment, electromyographic 
(EMG) signals were collected in the contrale- 
sional hemibody in 12 muscles covering the face, 
hand, wrist, elbow, knee, and foot. Stimulation 
sites were localized with high resolution on in- 
dividual magnetic resonance (MR) images by 
using a peri-operative neuronavigation system 
and reconstructed offline. 

Fifty-seven sites were stimulated in the frontal, 
parietal, and temporal regions (fig. S2A). Posterior 
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parietal stimulations were performed in Brodmann 
areas (BAs) 7, 39, and 40. Premotor stimulations 
were performed in the dorsal sector of BA 6, 
excluding the convexity and mesial structures 
involving the supplementary motor area (SMA). 
Of the stimulated sites, 46% were silent, meaning 
that DES did not produce any sensations or overt 
motor responses, and 20% were associated with 
somatic sensations such as tingling or itching. 
One participant (PP1) reported a robust visual 
illusion of background displacement when stim- 
ulated in the superior temporal gyrus (BA 22). Of 
the remaining sites (34%), 16% evoked responses 
related to motor awareness or movement intention, 
whereas 18% triggered actual movements. We 
will focus on these remaining sites, designated 
as responsive. The distribution of DES effects 
across brain areas is summarized in fig. S2B. 
For the three patients with postcentral tumors, 
nine responsive sites were found in BAs 39 and 
40 (Fig. 1). Stimulation of all these sites produced 
a pure intention, that is, a felt desire to move 
without any overt movement being produced or 
EMG activity recorded in the concerned muscles. 
In two of the patients (PP1 and PP2), the same 
sites were stimulated again later but at a higher 
intensity. Conscious motor intentions were re- 
placed by a sensation that a movement had 
been accomplished, and yet, just as during the 
first stimulation trial, no actual movement or 
EMG activity was observed. Thus, these patients 
experienced awareness of an illusory movement 
(Fig. 2). For example, patient PP3 reported after 
low-intensity stimulation of one site (5 mA, 4 s; 


@ Unconscious movement 
A Conscious motor intention 
> Illusory movement 

One color per subject (n=7) 


Fig. 1. Premotor and parietal responsive sites shown after registration of the individual MR image 
to the MNI template. Left stimulations have been reported on the right hemisphere. Colored areas 
define the anatomical boundaries of BA 40 (yellow), BA 39 (orange), and BA 6 (blue). 
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site a in Fig. 1), “I felt a desire to lick my lips” 
and at a higher intensity (8 mA, 4 s), “I moved 
my mouth, I talked, what did I say?” Similar 
results were found in patient PP1 for hand (two 
sites, g and h, in Fig. 1) and foot (one site, f, in Fig. 
1) movements. Patient PP2 reported, after stimu- 
lation in BA 40 (8 mA, 4 s; site e in Fig. 1), that 
she felt “like a will to move” her chest (/2). The 
same words were later used for another site with 
respect to the arm (8 mA, 4 s; site c in Fig. 1). 
Without prompting by the examiner, all three 
patients spontaneously used terms such as ‘“‘will,” 


“desire,” and “wanting to,” which convey the 
voluntary character of the movement intention and 
its attribution to an internal source, that is, located 
within the self (movies S2 and $3). 

Electrical stimulation in the frontal cortex 
contrasted sharply with the above descriptions 
(Fig. 3). For the four precentral patients, 10 
responsive sites were found in the dorsal part of 
the premotor cortex (BA 6; Fig. 1). These sites 
triggered movements of various limb segments 
and the mouth (fig. S2C) (13) devoid of con- 
scious intention and awareness. Patients never 


A Evoked responses for patient PP] 


EMG of illusory 
hand-arm movement 


Fig. 2. (A and B) Individual brains and stimulation sites reconstructed 
for two patients harboring postcentral tumors. EMG signals are shown for 
the stimulation sites identified by arrows. T indicates tumor; TR, triceps; 
BI, biceps; FDS, flexor digitorium superficialis; FCR, flexor carpi radialis; 


A Evoked responses for patient PM3 
(left tumor) 


EMG of unconscious 
hand-wrist movement 


(right tumor) 


4 Conscious intention 
¥ Illusory movement 


I Itching, tingling 
O No response 


\ @ Movement 


I Itching, tingling 
O No response 


EMG of illusory 
lips-mouth movement 


expressed the desire to move and never became 
aware that they produced a motor response. For 
example, during stimulation patient PM1 exhib- 
ited a large multijoint movement involving flexion 
of the left wrist, fingers, and elbow, as well as a 
rotation of the forearm (8 mA, 4 s; site 7 in Fig. 1). 
He did not spontaneously comment on this, and 
when asked whether he had felt a movement he 
responded negatively. The ability of patients to 
detect electrically evoked movements did not 
change with the intensity of the stimulation. 
Higher currents evoked larger movements and 


B Evoked responses for patient PP3 
(left tumor) 


OO 


V Visual background illusion 


EDC, extensor digitorium communis; ADM, abductor digiti minimi; FDI, 
first dorsal interosseous; OP, opponens pollicis; and OO, orbicularis oris. 
Colored areas define the anatomical boundaries of the tumor (green), BA 
40 (yellow), and BA 39 (orange). 


B Evoked responses for patient PM1 
(right tumor) 


EMG of unconscious 
upper-limb movement 


Fig. 3. (A and B) Individual brains and stimulation sites reconstructed for two patients harboring precentral tumors. EMG signals are shown for the 
stimulation sites identified by arrows. DE, deltoid; ECR, extensor carpi radialis; ECU, extensor carpi ulnaris; and FCU, flexor carpi ulnaris. Colored areas 
define the anatomical boundaries of the tumor (green) and BA 6 (blue). 
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recruited more muscles as compared with move- 
ments triggered by lower currents. Despite 
increasing stimulation intensity, patients remained 
completely unaware that a movement occurred 
(movies S1 and S4) (/4). 

We report two main contrasting findings: (i) 
Stimulation of the posterior parietal cortex caused 
human participants to intend to move and to 
report having moved, even in the absence of ac- 
tual motor responses. (ii) Stimulation of the pre- 
motor cortex triggered limb and mouth movements 
that were not consciously detected by the patients. 

Clinical observations of high-level movement 
deficits in patients with apraxia after parietal dam- 
age have led to the hypothesis that the posterior 
parietal cortex contains stored movement repre- 
sentations (/5, /6). It can be proposed that direct 
stimulation of the parietal cortex activates such 
representations. However, the fact that patients 
experienced a conscious desire to move indicates 
that stimulation did not merely evoke a mental 
image of a movement but also the intention to 
produce a movement, an internal state that resem- 
bles what Searle called “intention in action” (/7). 
This finding is consistent with nonhuman primate 
results suggesting that the posterior parietal cortex 
harbors a “map of intentions,’ with different 
subregions dedicated to the planning of eye, reach- 
ing, and grasping movements (/8), and that ac- 
tivity of parietal neurons is highly correlated to 
processes of motor planning and decision-making 
(79, 20). It is tempting to propose that electrically 
induced intentions arise, in our study, from the 
activation of some nodes within this intentional 
map. Interestingly, when the stimulation intensity 
was increased, motor intentions were replaced by 
a form of illusory movement awareness. In the 
absence of any muscle contraction, the patients 
reported that they had actually performed the 
movement they previously intended to do. 
Although the nature of this phenomenon cannot 
be formally elucidated here, it may be hypothe- 
sized that motor intention arises from the 
activation of a limited subregion within the cor- 
tical network activated during movement execu- 
tion. According to this view, higher intensities of 
stimulation would not simply prime a motor 
representation to consciousness (giving rise to 
intention) but also recruit the executive network 
responsible for movement monitoring through 
forward modeling. This process of forward mod- 
eling has been shown to rely on posterior parietal 
computations (2/—23). It could form the basis of 
the illusory movement awareness experienced by 
our patients, assuming that the signal we are 
aware of when making a movement does not 
emerge from the movement itself but rather from 
the predictions we make about the movement in 
advance of action (3, 4, 7, 24, 25). 

It has been reported that stimulation of the 
SMA triggers an urge to move that resembles an 
irrepressible desire to move going beyond patients’ 
will (26). This suggests a potential role of SMA 
in generating motor intentions (2, 27). However, 
intentions evoked by stimulation of SMA stand 
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in contrast with what was described by our 
patients, who reported experiencing an endoge- 
nously generated wish to move. The imperative 
character of the motor intention with SMA 
stimulation is demonstrated by the fact that higher 
currents triggered movements (26), whereas none 
of the stimulated parietal sites ever evoked actual 
muscle contractions. It is possible that both the 
parietal cortex and the SMA are linked to motor 
intentions but that intentions processed in these 
two regions correspond to different stages of 
movement planning: Intentions in the parietal lobe 
may be processed in relation to sensory predic- 
tions, whereas in the SMA intentions may be 
more closely related to motor commands. 

Regarding the dorsal premotor cortex, stim- 
ulations triggered complex multijoint movements, 
as already reported in awake monkeys (28). 
Stimulation intensities were comparable to those 
performed in the parietal cortex. Yet, patients 
remained unable to detect the limb and mouth 
movements evoked by electrical stimulations. This 
suggests that the proprioceptive volleys associated 
with the movement were disregarded or not de- 
codable by the brain areas which normally receive 
these feedback signals. This finding strengthens 
the conclusion that awareness of initiating and 
executing a movement is not derived from afferent 
inputs but rather from the internal computations 
carried out in the posterior parietal cortex before 
action (2-4, 7). Our data are compatible with 
behavioral studies showing that we are largely 
unaware of sensory feedback about the ongoing 
state of our motor system, as long as our intentions 
are achieved (4). Peripheral inputs probably 
intervene at a further stage for comparing expected 
and actual movements, that is, when we need to 
construct a veridical motor awareness (2, 24, 25). 
Recently, Berti et al. (9) have linked the com- 
parative process leading to veridical awareness to 
the functioning of the dorsal premotor cortex 
(BA 6). As shown by the authors, this structure is 
the most commonly lesioned in hemiplegic 
patients who obstinately claim that they can move 
their paralyzed limbs. In our study, premotor 
stimulations did not evoke any form of conscious 
intention. As a consequence, the proprioceptive 
inputs could not be compared to any expected 
input to estimate movement state to construct a 
veridical motor awareness. 

Our study suggests that motor intention and 
awareness are emerging consequences of increased 
parietal activity before movement execution. The 
subjective (and potentially illusory) feeling that 
we are executing a movement does not arise from 
movement itself; but it is generated by prior con- 
scious intention and its predicted consequences. 
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motor awareness in our patients was due to a low level 
of vigilance. The anesthetic and stimulation protocols 
were identical in premotor and in parietal patients who 
did report illusory movements. During peri-operative 
functional evaluation, premotor patients appeared well 
awake (see movies $1 to $4) and otherwise behaved as 
the parietal patients: They could talk, count, or move in 
response to verbal commands. Some of them reported 
sensory feelings of tingling or itching, indicating that 
they could introspect on stimulation-induced experiences. 
In one patient (PM4), we examined whether unseen 
passive movements of the forearm were perceived and 
reported. Indeed, this was the case. 
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Molecular Diagnostics 


MOLECULAR DIAGNOSTICS: 


PERSONALIZING PERSONALIZED MEDICINE 


Thirteen years after Roche launched the industry with a test for HIV load based on 
transcript abundance, molecular diagnostics is in full flower. A $3.3 billion market 
growing at 17 percent annually, the field includes assays for disease predisposition, 
screening, diagnosis, prognosis, monitoring, and predicting treatment efficacy, 
using markers ranging from SNPs to methylcytosine, messenger RNA to 
microRNA. Bringing digital power to traditional analog medicine, the field “is 
absolutely going to revolutionize health care,” says Harry Glorikian, managing 
partner at Scientia Advisors. “I believe it with every fiber in my being.” 
By Jeffrey M. Perkel 


cancer. His prostate was teeming with cells scored at Gleason-6, the high 
end of intermediate grade. The recommendation: radical prostatectomy. 

The diagnosis was shocking. Gulcher wasn’t at risk as far as he knew: he had no 
family history of early prostate cancer, and he had no symptoms. What he did have was 
a suspicious genotype. 

Gulcher had paid $985 for the deCODEme test, a genome-scale single nucleotide 
polymorphism screening service from deCODE Genetics. The test uses Illumina 
microarrays to profile about a million loci, reporting back on the relatively small number 
of conditions that can be tied to the results. Scattered across 10 chromosomes, the test’s 
13 prostate cancer-related markers suggested that Gulcher’s lifetime risk for the disease 
is about twice the average, or 32 percent. That’s not a diagnosis, but a warning, like 
elevated cholesterol. It means, pay attention. 


Ae a year ago, 48-year-old Jeff Gulcher’s doctor called to say Jeff had 


Gulcher’s physician recommended a prostate specific antigen (PSA) test. Such 66 Whether stratifying patients 
screening typically doesn’t begin until age 50. In this case, the test came back at 2.0 
ng/mL, “in sort of the mid-normal range,” Gulcher says. Normally harmless, that value for heightened or diminished 
plus the genotype data prompted his urologist to refer Jeff for a biopsy. 

“I’m thinking, there’s no way | have cancer,” Gulcher recalls. “I’ll go through the scrutiny, advising doctors 


motions, have the biopsy. But just having this higher risk doesn’t mean I’m going to get 
prostate cancer by any stretch of the imagination.” 

Fortunately, Gulcher didn’t rely on his intuition, and the surgeon excised his tumor 
intact; postoperatively, it was reassessed at high grade. PSA score down to zero, Gulcher 


on treatment decisions, or 


appears to have dodged a bullet, all thanks to a molecular diagnostic that he actually diagnosing disease, the field is 
helped develop. Gulcher is deCODE’s co-founder and chief scientific officer. 7 a 99 
“This genetic test is reclassifying people who are thought to have average risk redefining medicine. 


into somebody who really is at higher risk, and may benefit from extra surveillance,” 
Gulcher says. 

That, in a nutshell, is the promise of molecular diagnostics (MDx). Whether stratifying 
patients for heightened or diminished scrutiny, advising doctors on treatment decisions, 
or diagnosing disease, the field is redefining medicine. 
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From Analog to Digital 


Every diagnostic is molecular, whether measuring cholesterol for heart disease, 
radiolabeled glucose for brain imaging, or mass spectrometric peaks for ovarian cancer. 
So just what, exactly, is a “molecular” diagnostic? 

According to Harry Glorikian of Scientia Advisors, the term generally applies to assays 
that detect nucleic acids, whether single nucleotide polymorphisms, mutations, or RNAs, 
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monitoring. Such tests, says Glorikian, represent a fundamental break 
from what he calls the traditional “gestalt” diagnostic approach. Blood 
pressure, temperature, and blood chemistry “are not digital indicators 
but analog indicators,” Glorikian says, “where [the doctor] uses the 
computer between his/her ears, looks at all this stuff, bins it together, 
and says aha! This is what | think.” 

By contrast many MDx tests provide quantitized, digital data, as well 
as actionable results. 

Take Down syndrome. Traditionally, a woman’s likelihood of having 
a baby with trisomy-21 is first assessed by noninvasive screens 
based on maternal serum proteins and ultrasound. Yet these assays 
provide risk scores rather than absolute diagnoses, and must often 
be supplemented with more accurate, but also invasive tests such as 
amniocentesis, which literally count fetal chromosomes. 

Sequenom’s trisomy-21 MDx, set for launch later this year, blends 
these two approaches. Using mass spectrometry to count fetal 
chromosome 21-derived transcripts in maternal blood, the test is both 
noninvasive and quantitative—though not, per se, digital; the test 
measures the ratio of maternal and paternal alleles from chromosome 
21, 

“It’s an absolute result,” says Harry Stylli, Sequenom’s president 
and CEO. “You’re not dealing with a risk score.” As a result, high-risk 
pregnancies may be properly managed, while the number of pregnan- 
cies unnecessarily subjected to invasive procedures—currently about 
140,000 per year, Stylli estimates — “will dramatically decrease.” 


The Sequence Space 

Perhaps no genes more starkly illustrate the actionable power of MDx 
than BRCA1 and BRCA2. Mutations in these genes carry such high risk 
of breast and ovarian cancer (about 82 percent) that some carriers 
opt for prophylactic radical mastectomy, using Myriad Genetics’ 
BRACAnalysis blood test to help guide their decision. 

Based on full-length Sanger dideoxy gene sequencing, BRACAnalysis 
is an unusual test; sequencing is more typically suited to research labs. 
Yet unlike proteins or transcripts, Gulcher notes, DNA “is the only stable 
molecule in your body.” It enables Myriad to pick up novel mutations. 
“Unfortunately there are a very large number of mutations in the genes 
that we look at, so it is not a mutation-specific test, it is a full DNA 
sequence test,” explains Pete Meldrum, Myriad’s president and CEO. 

Myriad offers the test as alab-developed “home brew” assay available 
through the company’s Clinical Laboratory Improvement Amendments 
(CLIA)-certified facility in Salt Lake City, Utah. Not yet vetted by the US 
Food and Drug Administration (FDA), such tests can only be offered by 
the lab that develops them. 

In this case, results come back in about 10 days. That’s not generally 
a problem for predisposition tests. But sometimes, and especially 
when confronting acute medical issues, patients don’t have that kind 
of time. 

“In general, the faster the results become available, the more likely it 


is that they are going to be actionable,” says David Persing, executive 
vice president and chief medical and technology officer at Cepheid. 


Testing on Demand 

When speed is required, real-time or quantitative PCR (qPCR) delivers. 
Most labs have a PCR machine, and most lab techs are competent to 
run them. 

“Real-time PCR is quite a forgiving technique,” says Stephen Little, 
CEO of DxS. “You can put different levels and quantities of samples 
into the test and it will still give a good result.” 

Even so, clinical labs often delay crucial tests because they must 
process them in batches. Cepheid’s GeneXpert system was built to 
circumvent this problem, says Persing. A modular, independently 
addressable real-time PCR system, the GeneXpert is “the first 
sample-in, answer-out machine for real-time PCR to hit the market,” 
says Glorikian. 

Anyone can use it, Persing says. In one study, nurses running the 
company’s Group B Streptococcus test in the labor and delivery suite 
“delivered results that were highly accurate, and were as reliable and 
as good as the ones delivered by the lab.” 

In part, that’s because there’s no sample prep; the system processes 
raw samples straight to analysis. Results can arrive in as little as 
31 minutes, fast enough to catch patients before they leave the 
doctor’s office. 

Cepheid’s new Xpert MTB/RIF assay reports in less than two hours 
both if an individual has tuberculosis and whether it is resistant to 
rifampicin. Traditional culture methods take weeks to make that 
assessment, says Persing, during which time patients may unwittingly 
spread the infection. 

Cepheid’s assays are mostly based on Applied Biosystems’ TaqMan 
reagents, modified oligonucleotides that contain a fluorescent dye on 
one end and a quencher on the other. During PCR, this oligo binds its 
target DNA between the two amplification primers, where it is chewed 
up by the polymerase’s 5' to 3' exonuclease activity, separating dye 
from quencher in a burst of fluorescence. 

DxS uses an alternative detection reagent, called a “scorpion” probe, 
for its TheraScreen assays. 

A scorpion, says Little, is “a self-quenching molecule.” A hairpin 
with a PCR primer at its 3' end, the scorpion serves as a 5' PCR primer. 
The hairpin is complementary to part of the amplified sequence, and 
like a TaqMan probe bears both a fluorophore and a quencher. In the 
absence of amplification, the closed hairpin keeps the two dyes in close 
proximity, dousing fluorescence. But after amplification, the probe can 
denature, unfold like a scorpion’s tail, and hybridize to the amplified 
segment. In the process, the fluorophore and quencher dissociate. 

“That’s the signal that the reaction has taken place and we use it 
to signal the presence or absence of the mutations that we look for,” 
says Little. 

In the case of DxS’s K-RAS and EGFR assays, the resulting data can 
guide treatment. Knowledge of a K-RAS mutation helps oncologists 
choose between cetuximab and panitumumab in colorectal cancer, 
while different mutations in EGFR affect which works better for 
nonsmall-cell lung cancer (NSCLC), gefitinib or erlotinib. 


Multivariate Assays 
Though many MDx probe single nucleic acids, a small but growing 
number profile panels of genes simultaneously. 

“As our understanding of genetics increases, we are going to learn 
that most diseases are multigenic in nature,” says Amit Kumar, 
president and CEO of Combimatrix, which develops MDx based on 
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array comparative genomic hybridization; “It’s not just one gene that’s 
causing a particular illness or disease; it’s a combination of multiple 
genes functioning together.” 

Three such tests have been cleared under the FDA’s “in vitro 
diagnostics—multivariate index assay” guidelines, all based on gene 
expression. XDx’s 20-gene AlloMap test uses reverse transcriptase 
(RT) PCR to monitor heart transplant rejection; Agendia’s 70-gene 
MammaPrint microarray assay predicts whether breast cancer 
patients are likely to relapse and benefit from chemotherapy; and 
Pathwork Diagnostics’ Tissue of Origin test uses a 1,500-gene array to 
determine the source of a primary tumor in patients that present only 
with metastases. 

“In order to effectively treat a metastasis, you have to treat it in the 
same way that you treat the primary tumor,” explains Ronen Tamir, 
chief commercialization officer at Rosetta Genomics, whose “miRview 
mets” test addresses the same problem using a 48-gene RT-PCR assay. 
In other words, a breast tumor that metastasizes to the colon should 
be treated as breast cancer. 

Such tests may be less digital, perhaps, than the Down syndrome 
or BRCA tests—they sometimes provide probabilities rather 
than certainties—yet they still can help doctors make smarter 
treatment choices. 

According to Steve Shak, chief medical officer at Genomic Health, 
whose 21-gene RT-PCR-based Oncotype DX assay also predicts breast 
cancer relapse, the most common treatment for women with node- 
negative, estrogen receptor—positive breast cancer is chemotherapy. 
Yet only about 4 percent of patients benefit from that option; the rest 
would do just as well with surgery plus hormonal therapy alone. 

Now, using Oncotype DX, about one-third of treatment decisions 
change, Shak says. “Some women with high recurrence scores who 
might have been treated with hormonal therapy alone are then given 
hormonal therapy plus chemotherapy,” he says. Similarly, “there are 
many women who might have considered chemotherapy but based 
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on the results will be confident in getting hormonal therapy alone.” 
Agendia cites similar numbers for its MammaPrint diagnostic. 

Yet when it comes to multivariate MDx, array-based assays like 
MammapPrint are relatively rare; frequently, developers use arrays 
for test development, reverting to RT-PCR once the hard work of 
biomarker identification is done. Such was the case for Oncotype DX 
and AlloMap. 

“The thing with arrays is they are a little bit clunky to use, whereas RT- 
PCR, if you can use it, is a much easier technology to fit into a lab,” says 
Little. “Ease of use and convenience are very important considerations 
when you move into diagnostics.” 


Of Methyl-C and microRNAs 
Ease of use and convenience are especially important when it comes to 
more esoteric markers, such as DNA methylation or microRNAs. 

LabCorp’s ColoSure test measures methylation of the vimentin gene 
in stool samples. Epigenomics is developing a blood-based assay 
for SEPT9 methylation. Both are early indicators of colon cancer, 
and both are based on gPCR detection of bisulfite-treated DNA (in 
which unmethylated cytosine is converted to uracil, while methyl-C 
remains unmodified). 

“Having a very innovative test with a novel analyte [DNA methylation], 
we decided to be rather conservative when it comes to the assay 
technology,” says Achim Plum, senior vice president for corporate 
development at Epigenomics. 

Slated for European release this year, Epigenomics’ assay won’t 
be the first blood test-based colon cancer screen on the market; 
GeneNews beat them to the punch in 2008 with ColonSentry, based on 
microRNA expression. 

Short, endogenous, regulatory RNAs that silence the translation 
of complementary mRNAs, microRNAs are relatively recent 
discoveries. Yet they have emerged as hot commodities in MDx, and 
Cepheid, Rosetta Genomics, Exiqon, and Combimatrix are all also 
pursuing them. 

Exiqon’s in-development assay for colorectal cancer prognosis 
is based on the detection of microRNAs with DNA analogs called 
Locked Nucleic Acids (LNA), because, says S@ren Maller, Exiqon’s vice 
president of research and development, standard nucleic acids just 
aren’t specific enough. 

“You don’t have much sequence space,” Maller explains. “microRNAs 
are 20-23 nucleotides long, and if you need to detect those in complex 
samples, you need very, very accurate detection techniques. LNA 
provides that advantage.” 

Rosetta’s miRview squamous test uses RT-PCR of a single microRNA 
to help distinguish between squamous and nonsquamous NSCLC—an 
actionable result, says Tamir. 

“Alimta is only labeled for nonsquamous NSCLC; Avastin is labeled 
for both,” he says. But a “black box” warning on Avastin “warns 
against fatal hemorrhaging of 40 percent of the patients which are 
squamous.” 

A potentially life-saving decision based on a type of molecule 
researchers barely knew existed 10 years ago, it’s just another example 
of putting the “personal” in personalized medicine. The MDx landscape 
continues to change as new technologies—like next-generation 
sequencing—come to the fore. 

“There’s a lot going on in this space, it’s so exciting,” says Glorikian. 
“Anybody who isn’t in this space needs to ask themselves why.” 


Jeffrey M. Perkel is a freelance science writer based in Pocatello, Idaho. 
DOI: 10.1126/science.opms.p0900034 
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PCR Reagent 

The SsoFast EvaGreen Supermix reduces the time needed to get 
quantitative polymerase chain reaction (qPCR) results from 40 min- 
utes to 30 minutes. Part of a next-generation family of high-perfor- 
mance, real-time PCR reagents, the supermix speeds qPCR cycling 
protocols through instant polymerase activation, optimal primer 
binding, and rapid polymerization kinetics. The combination of Bio- 
Rad’s patented hot-start Sso7d fusion protein technology, optimized 
buffer, and EvaGreen dye increases the product’s reliability and sen- 
sitivity. Its reproducibility enables efficient and accurate quantifica- 
tion of gene targets over a broad range of expression levels. 
Bio-Rad Laboratories 

For information 800-424-6723 

www.bio-rad.com/supermixes 


Genetic Analysis System 

The new EP1 system for genetic analysis provides the efficiency 
of integrated fluidic circuit (IFC)-based genotyping in a desktop- 
sized configuration at an affordable price. When used with Fluidigm 
Dynamic Arrays, the system provides superior data quality and 
a fast, easy workflow. It delivers high-quality single nucleotide 
polymorphism genotyping results, with better than 99 percent call 
rates and 99.75 percent accuracy. It can provide up to 9,216 data 
points per IFC chip with results in four hours. The EP1 system, 
which includes an IFC controller, standalone thermal cycler, and 
end-point reader, provides more than 27,000 genotypes a day. More 
IFC controllers and thermal cyclers can be used in conjunction with 
a single EP1 Reader to generate more than 200,000 genotypes in 
a day. 

Fluidigm Europe 

For information +33-44-259-3861 

www.fluidigm.com 


TaqSelect DNA Polymerase 

TaqSelect is a high-purity, high-activity Taq polymerase that contains 
a specially formulated stabilizer and enhancer to provide outstanding 
performance in genotyping and routine polymerase chain reaction 
(PCR). It contains an optimal concentration of magnesium to enhance 


Automated Pipetting Systems 

The epMotion 5075 TMX features an integrated Thermomixer to 
shake and heat or cool sample tubes and plates. The Thermomixer’s 
orbital shaking and balance of speed and mixing radius optimize 
resuspension of bacteria pellets and beads. It prevents droplets 
from collecting on the side of tubes or plate wells, eliminating 
the need for additional centrifugation steps. It features a 
pipetting range from 1 to 1,000 ul, automated loading of the 
Thermomixer, and 12 worktable positions to provide walkaway 
automation. It saves time by automating all heating steps for lysis 
and incubation. 


PCR results and allows direct gel-loading after PCR. Formulated as a 
2X premix, it does not contain deoxynucleotides, allowing the user 
greater flexibility. 

Lucigen Corp. 

For information 608-831-9011 

www.lucigen.com 


DNA Isolation Kit 

The BiOstic FFPE Tissue DNA Isolation Kit is for extraction of DNA 
from formalin-fixed paraffin-embedded (FFPE) tissue. The kit 
features a fast and safe method to directly melt the wax away from 
tissues without the use of solvents such as xylene to deparaffinize 
the tissue. This gentle method achieves high DNA yields. The 
recovered DNA is pure and free from contaminants that can 
have an adverse effect on detection sensitivity and amplification 
efficiency. Genomic DNA extracted with the kit can be used in real- 
time polymerase chain reaction, single nucleotide polymorphism 
genotyping, and other genetic analysis methods. The BiOstic 
Paraffin Removal Reagent is a nonhazardous, nontoxic alternative 
to xylene that can be used with the FFPE Tissue DNA Isolation Kit. 
Mo Bio Laboratories 

For information 800-606-6246 

www.mobio.com 


Genomic DNA Labeling Kit 

The Genomic DNA labeling kit offers a fast, simple protocol for use 
in cytogenetic arrays. The kit contains Cy3 and Cy5 dyes for dual- 
color hybridizations and makes use of a unique buffer formulation 
to achieve more efficient use of reagents without loss of signal in- 
tensity. The kit contains everything required for the protocol, includ- 
ing nucleotide mix, random primers, enzymes, cleanup columns, and 
collection tubes. The manufacturer offers analysis software to allow 
easier interpretation of results with data exchange for comprehen- 
sive, state-of-the-art cytogenetic profiling and comprehensive cus- 
tomer training. 

Oxford Gene Technology 

For information +44-1865-856828 

www.ogt.co.uk 
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The Bill & Melinda Gates Foundation seeks bold ideas from innovative 
thinkers to solve the greatest challenges in global health. 


As part of our Grand Challenges Explorations initiative, grants of 
$100,000 are awarded two times a year. Projects that show great promise 
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The Department of Pathology invites applications 
for a nontenure-track RESEARCH INSTRUCTOR 
position in the Division of Molecular and Cellular 
Pathology. This individual will contribute to the dis- 
covery and molecular and biochemical characteriza- 
tion of metastasis suppressors. Since the project is 
focused on breast cancer metastasis suppression, ex- 
pertise with breast cancer and/or mammary gland 
biology, chromatin remodeling complexes, and in 
vivo animal models of metastasis is required. The ap- 
plicant must also have a solid track record of peer- 
reviewed research publications and preferably a record 
of successful federal funding. The successful candidate 
will be expected to initiate an active extramural fund- 
ing program. Salary will be commensurate with expe- 
rience. Self-motivated applicants must hold a Ph.D. in 
cell biology, biochemistry, or similar field and have a 
minimum of four years of relevant postdoctoral 
experience. Interested candidates should submit a 
letter of interest together with a comprehensive 
curriculum vitae that outlines research interests to: 
Danny R. Welch, Ph.D., Division of Molecular 
and Cellular Pathology, Department of Pathology 
University of Alabama at Birmingham, 1670 Uni- 
versity Boulevard VH-G019, Birmingham, AL 
35294-0019. The University of Alabama at Birmingham 
is an Affirmative Action/Equal Opportunity Employer and 
welcomes applications from qualified women and minorities. 


DUCTUS ARTERIOSUS SCIENTIST 


The Department of Medicine/Section of Cardiol- 
ogy is seeking qualified applicants for a full-time 
RESEARCH ASSOCIATE (ASSISTANT/AS- 
SOCIATE/PROFESSOR) position to work with 
Dr. Stephen Archer on the physiology and O, 
sensing mechanisms of the human ductus arteriosus 
(DA). The successful applicant will join the Heart 
and Vascular Research Group, led by Dr. Archer. 

The primary activity of the Research Associate 
(Assistant/Associate/Professor) is academic research 
to study mechanisms of O, constriction in human 
ductus arteriosus, in association with a faculty member 
or team. Qualified applicants are required to possess a 
doctorate degree in pathology and pathophysiology. 
Applicants should possess excellent knowledge and ex- 
perience with patch clamp technique of whole cell and 
single channel recording and calcium imaging tech- 
nique. Experience in small animal work (including 
small animal surgeries) and basic molecular biology 
skills such as RT PCR are required. Two to three years 
of postdoctoral training is required. Applicant should 
be familiar with physiologic assessment of the car- 
diopulmonary system, including the use of the isolated 
perfused lung model. A demonstrated track record of 
publication and the potential to apply for peer-reviewed 
funding is preferred. Compensation and level of ap- 
pointment are dependent on qualifications. The Uni- 
versity provides a generous package of fringe benefits. 
Screening of applications will continue until position 
is filled. Interested applicants should submit cover let- 
ter, curriculum vitae, and three letters of reference elec- 
tronically to: Dr. Stephen Archer, e-mail: sarcher@ 
medicine.bsd.uchicago.edu. The University of Chicago 
is an Affirmative Action/Equal Opportunity Employer. 


Drexel University College of Medicine in Phil- 
adelphia, Pennsylvania, is seeking a full-time 
chemistry ASSISTANT PROFESSOR to teach 
graduate forensic toxicology, undergraduate 
chemistry I and II, and organic chemistry I and 
II starting in August 2009. 

Educational requirement: Ph.D. in chemistry 
with college-level teaching experience required. 

Please send curriculum vitae to e-mail: medsci@ 
drexelmed.edu. 


POSITIONS OPEN 


HEAD, DEPARTMENT OF COMPARATIVE 
PATHOBIOLOGY 


The Purdue University School of Veterinary Medi- 
cine (website: http: //www.vet.purdue.edu/) invites 
applications for the position of Head of the Depart- 
ment of Comparative Pathobiology (website: http:// 
www.vet.purdue.edu/cpb/). We seek an individual 
with strong leadership skills, an internationally recog- 
nized record of scholarship and research, and the 
ability to guide this Department of 33 faculty members 
in their continued development of excellence in learn- 
ing, diagnostic engagement, and discovery. Depart- 
mental faculty members have expertise and research 
interests in pathology, microbiology, immunology, 
parasitology, epidemiology, public health, toxicology, 
and the human-animal bond. The Department has 
approximately 50 graduate students who participate 
with faculty members in multidisciplinary and multi- 
institutional research projects. The graduate program 
includes residency training in veterinary anatomic and 
clinical pathology and in laboratory animal medicine. 
Faculty members teach in the veterinary professional 
curriculum, the veterinary technology program, and 
the professional curriculum of the Indiana University 
School of Medicine at Lafayette. Some faculty mem- 
bers also have partial appointments in other units on 
campus. The School of Veterinary Medicine has a 
strong focus on comparative medicine and offers re- 
search support laboratories in the Medical Discovery 
Resource Unit (website: http: //www.vet.purdue. 
edu/mdru/). Purdue University provides exciting op- 
portunities for collaborative and interdisciplinary re- 
search through the National Cancer Iinstitute-funded 
Purdue Cancer Center, the Bindley Bioscience Center 
and Birck Nanotechnology Center in Discovery Park 
(website: http://www.purdue.edu/discoverypark/), 
the Department of Biomedical Engineering, and oth- 
er academic departments and centers. 

The successful candidate must have a D.V.M. (or 
equivalent) and/or Ph.D. degree, qualify for appoint- 
ment as a tenured FULL PROFESSOR and have a 
record of extramurally funded research. Candidates 
must be familiar with modern molecular technology 
in the investigation of natural and experimental dis- 
ease of infectious and noninfectious origins. Candi- 
dates must possess outstanding communication and 
interpersonal skills; administrative experience is de- 
sired. Commitment to the departmental missions of 
discovery, learning, and engagement and the promo- 
tion and implementation of the School’s strategic plan 
(website: http://www.vet.purdue.edu/strategic_ 
plan /StrategicPlan2008-2014.pdf) are essential. 
The Department Head must be dedicated to promot- 
ing the career development of others and to promoting 
an atmosphere of cultural diversity. The Department 
Head will work closely with the Director of the Animal 
Disease Diagnostic Laboratory (website: http:// 
www.addl.purdue.edu/) and must value and support 
diagnostic activities. The Department Head serves on 
the Executive Committee and the Academic Leaders 
Group of the School. 

The review of applications will begin on July 1, 
2009, and will continue until the position is filled. 
Applications, including a statement of professional 
goals, curriculum vitae, and names and addresses of 
four references, should be sent as PDF files to e-mail: 
whiteb@purdue.edu. Applicants wishing more infor- 
mation are encouraged to contact Dr. Steve Hooser, 
Chair of the search committee, at e-mail: shooser1@ 
purdue.edu or by telephone: 765-494-7440. 

Purdue University is an Equal Opportunity/Equal Access/ 
Affirmative Action Employer fully committed to achieving a 
diverse work force. 


NIH-funded POSTDOCTORAL POSI- 
TIONS are available to study mechanism of 
human and bacterial DNA helicases for recent 
Ph.D.s with publications in molecular biology, 
enzymology, or biophysics. NIH scale salary. Must 
be U.S. citizen or permanent resident. Send cur- 
riculum vitae and references to: Dr. Subhasis 
Biswas, e-mail: biswassb@umdnj.edu. 
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CORPORATE CULTURE 
IN CURRENT TIMES - 


SEEKING THE RIGHT FIT 


Like it or not, each of us has only 168 hours a week to spend in whatever way 
we see fit, and most of us apply at least one-fourth of those hours—about 
half of our waking hours—engaged in some type of gainful employment. 
The “corporate culture” of where we work and whether our chosen employer 
represents an appropriate fit, therefore, will play a significant role in our day-to- 
day joie de vivre. By Emma Hitt 


or scientists selecting a place to work in industry, several components 

of a company’s corporate culture should be considered, some of them 

unique to a particular company (corporate philosophy, the extent to 

which employees are allowed to act upon their scientific thinking) and 
some of them standard for the industry (pay, benefits, dress code). Talking 
with people and networking are essential steps in determining a company’s 
corporate culture, whereas a company’s website is not always the best place to 
get a clear picture. 


Components of Corporate Culture 
Corporate culture is one of those nebulous terms that conjures up a variety 
of images. Some of them may be positive: a welcoming environment where 
people feel secure in their jobs, where independent thinking and work-life 
balance are encouraged. And some may be not so positive: excessive work 
hours or unexpected changes in job description. While no standard definition of 
corporate culture exists, the term typically refers to the overall philosophy and 
environment of a workplace: can you wear jeans or is a business suit the norm? 
Does a company focus on innovation or do they try to do what they already 
know? What would happen if you showed up 15 minutes late or told your 
direct supervisor that you disagreed with his/her ideas? The answers to these 
questions and others constitute the unique style and policies of a company. 
Some of the key factors to consider with respect to corporate culture include 
diversity in leadership, philosophy about work-life balance, project range and 
scope, attitudes about employee development, the mission statement, and 
tolerance for diverse ideas, notes Karen Habucky, the 2008 president of the 
American Association of Pharmaceutical Scientists (AAPS), an educational and 
networking professional development society of about 13,000 scientists. 


The Times They Are A-Changin’ 

With recent layoffs and restructuring at numerous companies, animportant issue 
that directly affects corporate culture these days is job security. “The industry 
as a whole is going through a rather rigorous evolution,” says Michael Steiner, 
leader of the Pharmaceutical Executive Services Group at RegentAtlantic Capital, 
LLC, and provider of wealth management services for pharmaceutical and 
biotech industry executives. Compared to some industries, the pharmaceutical 
industry is faring well, but at the same time, pharma and biotech companies 
are contending with unique pressures, such as patent expirations and changes 
in health care. In addition, layoffs in the thousands have been taking place at 
some of the bigger pharmaceutical companies. “Several forces are seemingly 
colluding,” Steiner says, “and these forces are building upon one another to 
create a good deal of synergistic pressure.” continued » 
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“In a small company, more time 
is Spent on science, whereas 
the established culture of a big 
company has the potential to 
stifle the creative spirit and take 
time away from doing science.” 


—Allen Sessions 


According to Steiner, corporate culture has been influenced in a 
dramatic way by these changes. What used to be a “paternalistic” 
type culture—where an employee would start work right out of 
graduate school, stay for 30 years, and be “taken care of” by a 
company, is no longer the norm. “What we see is more of a shift 
towards an entrepreneurial-like atmosphere,” he says. “People are 
encouraged to take more business risks, because ultimately this 
is where the rewards are to be found. In the past, employees have 
tended to get too complacent and comfortable in their positions at 
the expense of innovation.” 

“In tight economic times, we are all being asked how things can be 
done quicker and cheaper while maintaining high quality standards,” 
Habucky says. “In the future, | feel there will be a greater emphasis 
on creative problem solving and more challenges to the status quo; 
this could lead to the development of innovative ideas that will help 
propel the industry through the tough times, and scientists may even 
feel a greater ownership in a company’s success,” she says. 

Many companies are understaffed right now, given budget 
constraints and layoffs, according to Shannon Peryea, an executive 
recruiter for the pharmaceutical industry with Sheila Greco 
Associates. “Employees will be working longer hours, handling a 
larger workload, while being paid the same salary,” she says. “Until 
things pick up and companies are given the green light to hire new 
employees or bring back laid-off workers, | think most corporate 
cultures will tend toward a ‘roll up your sleeves and pitch in anywhere 
you are needed’—-type mentality. This may cause some amount of 
worker burnout, but | think when things improve, the companies will 
not forget those who stayed and worked their hardest to ensure the 
company survived,” Peryea notes. 


Sizing Up Opportunity 
Steiner suggests that a key question people need to ask themselves 
is whether they are more suited to working for a large or a small 
company. “Picking a big company simply because of perceived 
stability can be a mistake these days—you cannot apply safety in 
numbers any more,” he says, “although picking a smaller company 
sometimes means even more risk, but a higher potential reward.” 
Genentech, which employs about 11,000 workers (and in January 
2009 had 585 job openings), has been included on the Fortune “100 
Best Companies to Work For” list for 11 consecutive years and has 
ranked in the top 10 in recent years (No. 1 in 2006, 2 in 2007, 5 in 
2008, and 7 in 2009). The Fortune 100 list includes companies in any 
industry with more than a thousand employees and that have been 
in business for at least seven years. Rankings are based mainly on 
responses by employees to a 57-question survey and the findings 
of a “culture audit,” which includes questions about demographics, 
pay scales, benefits, and other factors. 


Featured Participants 


American Association of Pharmaceutical Scientists 
www.aapspharmaceutica.com 


AstraZeneca 
www.astrazeneca.com 


Genentech 
www.gene.com 


GrassRoots Biotechnology 
www.grassrootsbio.com 


Massachusetts Biotechnology Council 
www.massbio.org 


RegentAtlantic Capital, LLC 
www.regentatlantic.com 


Sheila Greco Associates 
www.sheilagreco.com 


At Genentech, the CEO (Arthur D. Levinson) wears jeans and 
sneakers and “it is not unusual to walk into the research labs and 
hear music blaring while scientists conduct experiments in search of 
important discoveries,” says Robin Snyder, with Genentech Corporate 
Relations. “We refer to this combination of gravity and informality 
as ‘casual intensity,’ and we believe it is part of what has made us 
successful.” Genentech perks include free espresso and the use ofa 
WiFi equipped “GenenBus” to neighborhoods throughout the greater 
San Francisco Bay Area. In addition, regular full-time employees get 
six paid weeks of sabbatical every six years. 

Another large company, AstraZeneca, which has approximately 
66,000 employees, ranked No. 5 in Science magazine’s ranking of 
the world’s most respected biopharmaceutical employers in 2008. 
Benefits include flextime, the opportunity to work a compressed work 
week and/or telecommute, and on-site services such as a hair and 
nail salon and DVD rentals. According to Sarah J. Bolton, a research 
scientist with Global Discovery at AstraZeneca, the best things about 
working at AstraZeneca include the flexible work arrangements 
and the opportunity for “work-life balance.” Bolton also points 
out that many training opportunities are available. For instance, 
an e-learning module entitled “Working for Your Inner Boss,” a 
worksheet called “Keeping Your Balance,” as well as other personal 
and management development tools are available. “AstraZeneca 
encourages and challenges its scientists to come up with innovative 
ways of approaching disease targets and to better understand the 
wider implications for patients,” she says. “There also seems to be 
an increasing openness and transparency, as well as an acceptance 
of employees challenging the status quo,” she adds. 

At the other end of the size spectrum, Allen Sessions, a senior 
scientist for GrassRoots Biotechnology, says he enjoys working at a 
“small, young” company. GrassRoots, located in Chapel Hill, North 
Carolina, currently has only seven employees and is developing 
crop lines for the biofuel, food, and industrial markets. “In a small 
company, more time is spent on science, whereas the established 
culture of a big company has the potential to stifle the continued » 
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Lead the next generation of pharmaceutical science. 


Discover the Answers that Matter. 


Eli Lilly and Company is a leading, innovation-driven pharmaceutical corporation with approximately 42,000 employees worldwide. 
Lilly is developing a growing portfolio of best-in-class, first-in-class pharmaceutical products. We achieve this by applying the 
latest research from our own worldwide laboratories, by collaborating with eminent scientific organisations and by making use of 
the most up-to-date technological tools. 


Established in 2002, Lilly Singapore Centre for Drug Discovery (LSCDD) is now expanding its capabilities to discover and develop 
new medicines more productively, in the areas of cancer and metabolic disorders. We form a network of drug development 
partners, and through innovative data integration approaches, discover and apply biomarker and patient-tailoring solutions. 


Located in the exciting Singapore Biopolis, LSCDD’s multi-disciplinary and multi-cultural team is working to redefine the leading 
edge. We are looking for outstanding individuals with demonstrated industry experience in Biotech/Pharmaceutical/Drug Discovery 
to fill the following positions: 


¢ Group Leader, Diabetes Biology 
e Senior Scientist, Diabetes Biology 
¢ Group Leader, Cancer Biology 


Group Leader, Target Identification & Validation (Systems Biology) 


Bioinformatics Group Leader (Systems Biology) 

¢ Bioinformatics Manager (Integrative Computational Sciences) 

¢ Senior Statistical Geneticist (Integrative Computational Sciences) 

¢ Senior Bioinformatics Scientist (Integrative Computational Sciences) 


Principal Statistician (Integrative Computational Sciences) 


Log on to www.l\scdd.lilly.com.sg to find out more about this position and what a career at Eli Lilly and Company can offer you. 
Eli Lilly is an equal opportunity employer. 


www.lscdd.lilly.com.sg 


Answers That Matter. 


online @sciencecareers.org 
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Medimmune 


— Melissa, 
Research 


Making a real-life difference. 

Medimmune people do it every day. 

They are more than dedicated. They are passionate. 
Because they know their work is too important not to 
give everything, every day. Med/mmune people also 
see the positive results of their work — that’s where 
the exceptional satisfaction comes in. 

We invite you to join us at MedImmune, as our 
pipeline of research and products continues to 
grow — and as we impact more lives more often, 
around the world. 


We have opportunities in a variety of areas such as: 
e Research ¢ Development 
e Clinical ¢ Operations 


For more information and to APPLY ONLINE, visit our 
web site at: www.medimmune.com/careers 


Changing tomorr 


CAREERS IN BIOTECH AND PHARMA 


CARDIOLOGY 
DERMATOLOGY 
IMMUNOLOGY 
INFECTIOUS DISEASE 
UROLOGY 


Impacting tomorrow. 


At Astellas, the impact of what we do every day is 


obvious. We know that we can make a difference, so 
everyone here is receptive to being innovative and 
creative. We have a chance to work more broadly here; 
we are not boxed in by the department or the area to 
which we are assigned. I'm a Senior Medical Director 


and I'm helping Astellas change tomorrow. 


De-Gaulle Cabinda 
Senior Medical Director 


Together, we shine! 
www.us.astellas.com 
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Wastellas 


Leading Light for Life 


Roche) 


Research Associate/Scientist (CNS Research) 


Who we are 

At Roche, 80,000 people across 150 countries are pushing back the frontiers of healthcare. Working together, we’ve become one of 
the world’s leading research-focused healthcare groups. Our success is built on innovation, curiosity and diversity, and on seeing 
each other's differences as an advantage. To innovate healthcare, Roche has ambitious plans to keep learning and growing - and 
is seeking people who have the same goals for themselves. 


The headquarters in Basel is one of Roche’s largest sites. It is home to the Corporate Executive Committee, the Pharmaceuticals and 
Diagnostics Divisions and the global business functions. Roche Basel also covers the entire business chain from research, develop- 
ment and production through to marketing. Over 8,000 people from more than 60 countries work at the site. 


The Position 

You will join a behavioural pharmacology section within the Neuroscience area. This section is responsible for providing the full 
range of expertise and technologies to profile molecules in animal models of psychiatric disorders throughout the course of drug 
discovery. The scientists of the behavioural pharmacology section are integrated members of drug discovery project teams and are 
responsible for the full characterisation of drug candidates and provide key information on in vivo activity in projects. In your role as 
research scientist you are expected to conduct laboratory research and to provide scientific input to ongoing and newly established 
drug discovery programs. As part of the project teams you will report directly to project leaders and senior level scientists. 


Who you are 

You're someone who wants to influence your own development. You're looking for a company where you have the opportunity to 
pursue your interests across functions and geographies, and where a job title is not considered the final definition of who you are, 
but the starting point. 


You have a PhD in psychopharmacology or a related discipline, with experience in model development and statistical analysis. 
Knowledge of neuropharmacology and neuroanatomy are considered a plus. You have a strong technical troubleshooting skill and 
you are driven by quality. You have practical knowledge of the drug discovery process gained in an industrial environment, in parti- 
cular active and successful participation in CNS drug discovery programs. You will have provided high quality data and reports and 
you will have contributed to documentation preparation (company presentations, patent applications, IB, and due diligence). You 
will also have published your data in peer-reviewed scientific journals. You will be responsible for the development and implemen- 
tation of a battery of behavioural tests and for the supervision of testing drug candidates. 


In your role as research scientist you will continuously support our discovery programs with your expertise and with high quality 
data. You will communicate your data to project teams and senior management, and will propose and execute in vivo experiments 
for the continued progression of the project, for patent exemplification and Investigator Brochure documentation. You are flexible, 
have strong team skills and are used to paying attention to detail and adjusting to new challenges. You have an excellent command 
of spoken and written English and good presentation skills. 


Job ID No.: 15051 
Contact HR: M. Ceroni, +41 61 687 34 58 
Contact Line: J. Wettstein, +41 61 688 81 13 


The next step is yours. To apply online today or learn about other exciting positions, please visit http://careers.roche.com 


“Make your mark. 
improve lives. 


ern Jacques K 


Roche, Switzerland 


online @sciencecareers.org 
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FOR ME, IT’S PRIDE IN KNOWING 
WHAT | DO MATTERS. 


Gilead Sciences is passionate about advancing 
therapeutics and improving the lives of the patients who 
use them. We are motivated to make a difference and 
our employees thrive in a culture that challenges and 
inspires. Our research is driven by the commitment of 
our employees and they see their hard work reach the 
patients in the market. Join a team that is proud of its 
success and propelled by the opportunities ahead. 


Come visit us at Booth #107 at the BIO Career Fair 
Atlanta, GA * May 18th, 2009 


We are always seeking talented Research and 
Development Professionals. 
For a complete list of our opportunities 
visit our website. 


(J GILEAD 


Advancing Therapeutics. 
Improving Lives. 


CAREERS FOR LIFE. 


gilead.com/careers 


Image: Colored scanning electron 


micrograph (SEM) of a lung cancer cell. 


oncology 


One focus: join our shared commitment to 
improve the lives of cancer patients everywhere. 


Now the innovative science of a leading American biopharmaceutical 
joins the global assets of Takeda, Japan’s largest pharmaceutical 
company, for a worldwide commitment to oncology. 


Millennium: The Takeda Oncology Company is developing an 
extensive pipeline — among the top in oncology worldwide — with 
more than 13 compounds in development for a broad range of solid and 


hematological cancers. 


Come to where lifesaving science meets lifechanging opportunities. 
At Millennium, you'll help develop breakthrough treatments that can 
make a difference in patients’ lives. All in a dynamic, collaborative 
environment where you can be yourself — and do your best science. 
To learn more or apply, visit us at millennium.com. 


Millennium has opportunities in the following areas: 


= Analytical Development - 
Small Molecules 


= Biostats 

® Clinical Operations - Oncology 

® Clinical Operations - Late Stage 

® Clinical Quality 

® Clinical Data Management 

= Development Project Management 
= Drug Safety Evaluation 

= Formulations 


©2009 Millennium Pharmaceuticals, Inc. All rights reserved. CCO085 


= Global Investigational 
Supply Operations 


= Medicinal Chemistry 


= Medical Information & 
Informatics Management 


= Process Chemistry 

= Regulatory Operations 
= Regulatory Therapeutics 
= Regulatory CMC 

= QA/QC 

ININ. 
MILLENNIUM 


THE TAKEDA ONCOLOGY COMPANY 
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Bonus Distributions 


Darwin Festival 2009 

5-10 July, Cambridge, UK 

International Society 
for Stem Cell Research 
8-11 July, Barcelona, Spain 


Career Focus 
on Cambridge, 
Oxford, and 
London 


Issue date 


26 June 


Reserve ad space by 9 June 


The power of Science is 
in the journal’s 131,000 
weekly subscribers and 
700,000 weekly readers. 
In our 26 June issue we 
will use this power to 
highlight the state of 
the scientific job market 
in and around these 
renowned British seats 
of learning. 


Contact: Alex Palmer 
Telephone: 

+44 (0) 1223 326 500 
E-mail: 
ads@science-int.co.uk 
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Life Technologies, created through 


the combination of Invitrogen 


Corporation and Applied Biosystems, 


Inc., is a global biotechnology tools 
company dedicated to improving the 


human condition. 


technologies” 


Life Technologies gives you the 


opportunity to apply your expertise, 


develop your skills and play an 
active role in making an impact in 
the world. Whether it’s in scientific 
research, product sales or many 
other areas that support improving 
the human condition, at Life 
Technologies, a career here means 
not only transforming yourself, but 


transforming life. 


Life Technologies values and 
promotes a diverse workplace that 
allows each individual to succeed. 
Visit: www.lifetechnologies.com 
today to learn how you can make 
Life Even Better. 


Come visit our booth at the 


BIO Career Fair in Atlanta, GA 
on May 18th, 2009. 


www.lifetechnologies.com 


© 2009 Life Technologies Corporation. All rights reserved. 
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“The industry as a whole is 
going through a rather 
rigorous evolution. ” 


— Michael Steiner 


creative spirit and take time away from doing science,” Sessions 
believes. According to Sessions, in this phase of the company’s 
development, every type of idea is encouraged. “We make decisions 
as a group and there is a feeling that the sky is the limit if our creative 
juices can get it all right,” he says. 


Seeking the Right Fit 

Most information about a company’s culture can be gained by 
talking to people, and networking with recruiters and members 
of industry associations, Habucky says. An important question to 
ask that is particularly relevant in science is whether a given job 
will be intellectually challenging and stimulating and will present 
opportunities for growth. “Your career is a commodity and you need 
to develop a ‘business plan’ to make it flourish,” she advises. “The 
plan needs to include short- and long-term goals that incorporate 
continual learning and the diversification of your skill set.” 

Another important aspect to consider, especially in the current 
market, is the financials of a given company and whether that 
company is stable, says Steiner. “This is especially important if 
you are seeking a job at a smaller, venture-backed, or private- 
equity-backed company,” he says. “You want to find out whether 
they have three months or three years worth of cash on hand. Take a 
look through the company’s financial reports to the extent they are 
available. In many instances you may find that the income statement 
is really an expense statement. At that point you should look at their 
assets to find out whether they have enough cash to sustain the 
company.” If there is still concern about the financial viability, ask 
what the plan and likelihood is of obtaining additional capital. This 
can give a sense of how much potential there is with a company and 
whether investors believe in that potential. 

Then there’s the pay, which isn’t everything, but certainly counts 
toward job satisfaction. The average salary in the biotech industry 
in Massachusetts is over $100,000, says Bob Coughlin, president 
and CEO of the Massachusetts Biotechnology Council, which has a 
membership of close to 650 biotechnology companies, universities, 
and academic institutions in the area. Likewise the AAPS Annual 
Salary Survey reported that the median base annual income for its 
members who responded to the survey was $115,000, with a total 
median compensation of $131,000. The survey also indicated that 
the typical (median) US full-time employee has been with the current 
principal employer for five years; only 8 percent indicated 20 years 
or more, while 17 percent indicated fewer than two years. 


Think Not What Your Company Can Do for You... 

In summary, it is important to think about what you have to offer 
to companies more than what they can offer you. In this current 
economic climate, turnover at many companies is high, particularly 
at the larger companies and at the upper levels of management. 
“Changes in upper-level management are made as a cost-savings 
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Six Future High-Growth Areas in Industry 


1. Commercialization of Dormant Compounds 

Companies often have a reservoir of compounds that they 
abandoned prior to FDA approval, or that they did not 
commercialize. Finding ways to reposition or repurpose these 
compounds is a high-growth opportunity due to the relatively 
low cost compared to developing new compounds. Repurposing 
a compound also extends the life of patent protection. 


2. Generic or Biosimilar Versions of Biologics 

Biosimilar versions of a treatment are not identical but have 
enough similarity to produce comparable results. This is likely to 
be a high-growth area, given the upcoming expiration of patents 
on some high-revenue biologics. 


3. Improved Research and Development Efficiency 

As R&D costs increase, a focus of industry will be to identify 
ways in which to improve efficiency while decreasing costs. 
Efforts will also be made to reduce the time from discovery to 
regulatory approval so as to maximize the life of a patent. 


4. Oncology and Central Nervous System Disorders Research 
These areas of research are especially important as the global 
population ages, with increasing burdens of Alzheimer’s disease 
and cancer. These trends will increase the need for new drugs in 
these areas. 


5. Stratified Medicine and Diagnostics 

Finding ways to tailor and personalize medicine, especially 

in the realm of diagnostic tests, presents a high-growth 
opportunity. Diagnostic tests are often cheaper and easier to 
develop than new therapies and are used by a larger segment of 
the population than actual therapies. 


6. Fusion of Pharmaceuticals and Consumer Goods 

Due to stricter regulation of consumer goods, companies 
specializing in these products are likely to increasingly seek 
individuals with experience in the pharmaceutical industry 
because of their ability to manage highly regulated businesses 
and to ensure product safety and efficacy. 


Adapted from: RegentAtlantic Capital, LLC, The Continuing Evolution of 
the Pharmaceutical Industry: Career Challenges and Opportunities, 
December 2007. 


move,” Steiner says. “A company can lay off a person with 30 years 
of experience and bring in someone with 20 years of experience, with 
a resulting salary and benefit savings.” As a result of these changes, 
there will really be two types of people that will thrive in the current 
and future pharmaceutical and biotech industry, says Steiner, and 
they can be classified as either “athletes” or “specialists.” The 
athletes are people who can deal with adversity and complex 
challenges, and who can marry the science and business aspects of 
industry. These individuals may not be highly technical, but are able 
to see the big picture. They will continue to be much sought-after for 
upper management positions. By contrast, the specialists are people 
who have highly technical skills, with more depth than breadth. Those 
people can exploit their individual talents and continue to build on 
them, and will survive no matter what the corporate culture. 


Emma Hitt is a freelance medical and science writer residing in Marietta, 
Georgia. 


DOI: 10.1126/science.opms.r090007 1 
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CAREERS IN BIOTECH AND PHARMA 


The world, re-imagined 


At Monsanto, our talented employees are contributing to our success as a global leader in biotechnology. By delivering exceptional 
results in one of the world’s most important industries - agriculture - we are creating solutions that improve productivity in farming 
while reducing the impact on our environment. 

The life of the plants we depend upon most begins in a small seed. Within the right environment it grows to become something amazing. At 


Monsanto, our philosophy is the same - we are committed to helping individuals progress in careers with unlimited potential. We are looking 
for talented scientists who can work in dynamic, cross functional teams with specialization in one or more of the following fields: 


All Positions Located in China 
Bioinformatics Scientist Lead Computational Biologist 
Collaboration Manager Lead Bioinformatics Scientist 
Communication Lead Patent Scientist 
Computational Biologist Project and Relationship Manager 
Data Manager and Technology Alliance Manager 
Database Administrator 


Imagine your world at Monsanto by visiting us on our website, 
http://www.monsanto.com.cn/ 


Monsanto is an equal opportunity employer who values diversity. 


MONSANTO 
imagine" 


25 BBSR Rothamsted Research 


Rioscience forthe future World-Class Science for Sustainable Land-Management 
DIRECTOR & CHIEF EXECUTIVE fo 2enec? 


An outstanding opportunity to lead an internationally renowned centre 
for research in Food Security and Bioenergy. 


The Biotechnology and Biological Sciences Research Council (BBSRC) is seeking to appoint an individual combining strong personal research credibility 
in the area of sustainable land-management with excellent strategic management skills, to lead the Institute in the next stage of its development. 


You will provide inspirational leadership and vision to a team of over 500 staff, plus PhD students and visiting scientists, ensuring that the Institute both 
maintains and develops its reputation as a world-renowned research institute of international standing delivering both significant outputs to a range of 
stakeholders and blue-sky science of the highest quality. 


The post will be based at Rothamsted Research in Harpenden, Hertfordshire. 


An attractive salary plus performance related bonus is available commensurate with the level and the strategic importance of the post. 


Further information, including instructions on how to apply, may be obtained from BBSRC’s recruitment consultants, Carbon-NfP, 
who would be happy to provide further written information and/or to have an informal and confidential telephone discussion. 
Please contact Sharon Taylor by email sharon.taylor@carbon-nfp.com in the first instance. 


The closing date for applications is Friday, 6 June 2009. 
Carbon-NfP, |7 Russell Court, Woburn Place, London WCIH OLL. 


BBSRC welcomes applications from all sections of the community irrespective of race, ethnic origin, religion or belief, sexual orientation, disability, age or gender. 
As users of the disability symbol, we guarantee to interview all disabled applicants who meet the minimum criteria for the vacancy. 


“8° CARBON-NfP 


www.carbon-nfprecruit.com 
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| Seattle 


seurooaiel =i 
Associate Professor / Professor 


The recently established Center for Neuroscience at the Seattle Children’s Research Institute invites 
applications for a full-time faculty position, with the University of Washington School of Medicine 
Department of Neurological Surgery, at the rank of Associate Professor or full Professor, without 
tenure. Qualified applicants should be established investigators who are applying techniques of 
molecular, genetic or cellular biology to study mechanisms underlying hydrocephalus. The Center 
for Neuroscience at the Seattle Children’s Research Institute’s research vision is to restore children’s 
health through a mechanistic understanding. The applicant’s area of research interest should be 


Children’s 


POSTDOCTORAL 
POSITION, 


Hematology and Medical Oncology- 
Institute for Computational Biomedicine 


Weill Cornell Medical College seeks a highly motivated 
professional PhD for a Postdoctoral position to explore 
the dynamics of the B-cell transcriptome during 
differentiation and malignant transformation, using 
the tools of high throughput analysis of chromatin 
and gene expression and function. The work will be 
performed under the supervision of Dr. Ari Melnick, 
Associate Professor of Medicine and Biochemistry 


complementary to the interests of current faculty working on various areas of neuroscience and and Dr. Olivier Elemento, from the Institute for 


bioengineering. Researchers interested in understanding CSF hydrodynamics, choroid plexus func- 
tion, neuroendocrinology, brain metabolism, blood brain barrier function, brainstem neurobiology 
and proteomics research are particularly encouraged to apply. The successful candidate must have 
a M.D. and/or Ph.D. degree and have active nationally funded research grants. Level and salary 
will be based on applicant’s qualifications and experience. Responsibilities of the position include 
development of an independent, extramurally funded research program, establishing a hydrocephalus 
section within the Center for Neuroscience and mentoring graduate and post-doctoral students and 


junior faculty investigators. 


This position is open until filled. Address any inquiries to Dr. Jan-Marino Ramirez, Center Director, 
at nino.ramirez@seattlechildrens.org. Please send CV, a statement of current and future research 
interests and the names and contact information of three references to: Wendy Kramer, Seattle 
Children’s Research Institute, 1900 Ninth Avenue, M/S C9S-9, Seattle, WA 98101. 


For more information about Seattle Children’s Research Institute, please visit: 


http://research.seattlechildrens.org. 


All University of Washington faculty engage in teaching, research, and service. 
The University of Washington is an Equal Opportunity/Affirmative Action Employer. 


Women and minorities are encouraged to apply. 


UW Medicine 


SCHOOL OF MEDICINE 


Computational Biomedicine. The applicant would join a 
thriving and highly interactive research team including 
cancer biologists, immunologists, hematopathologists, 
and computational biologists. 


Requirements: PhD degree and experience in QPCR, 
ChIP assays, microarray assays, a basic understanding 
of microarray analytical statistical considerations, and 
ideally with experience in high throughput sequencing 
(e.g. Solexa, 454). 


Appointments are for one year, with renewal based upon 
satisfactory performance and funding availability. 


Excellent benefits package (includes tuition 
reimbursement). 


Please send cover letter and resume to: 
ATTN: ARI MELNICK, M.D. 
E-MAIL: amm2014@med.cornell.edu 


WEILL CORNELL 
MEDICAL COLLEGE 


EOE/M/F/D/V 


www.med.cornell.edu/jobs 


3M Harry Heltzer Multidisciplinary 
Chair in Science and Technology 


University of Minnesota, 
. Minneapolis, MN USA 


The Graduate School and the Institute of Technology at the University 
of Minnesota—Twin Cities invites applications and nominations for the 
position of 3M Harry Heltzer Multidisciplinary Chair in Science and Tech- 
nology. This is a tenured and endowed position at the rank of associate or 
full professor (dependent upon qualifications and experience) in the area 
of physical and biological structures characterization using microscopy 
and imaging. Candidates must have outstanding academic and research 
records, with several years of successful research and teaching experience. 
A Ph.D. degree and dedication to teaching, graduate student advising, and 
regular and sustained interaction with industry are required. Candidates 
are sought whose research agenda will contribute to building cross-disci- 
plinary and cross-college collaboration in one or more areas of strategic 
importance university-wide, including within the Institute of Technology 
and with other units at the University of Minnesota. This endowed chair is 
intended to foster industry-university research interaction and collaboration 
while advancing scientific and technological expertise in new frontiers of 
knowledge relevant to the Institute of Technology and 3M. Candidates with 
a background in any relevant areas of science or engineering are encour- 
aged to apply. Department affiliation will depend on the candidate’s area 
of expertise, with the possibility of a joint appointment with one or more 
units in the Institute of Technology or elsewhere in the University. 


Applications should be submitted online at: https:// 
employment.umn.edu, under Req. # 154636, and include a cover letter, 
curriculum vitae (including list of publications), research description/ 
plan, statement of teaching interest, and contact information for three 
references. Review of applications will begin immediately and continue 
until the position is filled. For further information, contact Douglas Ernie 
at ernie@umn.edu. 


The University of Minnesota is an 
Equal Opportunity Educator and Employer. 


EBERHARD KARLS 


UNIVERSITAT 
TUBINGEN 


hoe CIN 
G Sal ari 
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Postdoc Position in Systems Neuroscience 


The Werner Reichardt Center for Integrative Neuroscience (CIN, http://www. 
neuroscience-tuebingen.de/cin/) invites applications for a postdoctoral position 
in systems neuroscience. Applicants should have a Ph.D. or M.D. degree. The 
successful candidate will work in the field of tactile perception and its underlying 
neuronal basis in the rodent whisker system. The project will combine tactile 
psychophysics in awake behaving rodents with in vivo imaging techniques, and 
will be jointly supervised by two researchers within the CIN, Dr. Cornelius Schwarz 
(Hertie Institute for Clinical Brain Research, http:/Awww.hih-tuebingen.de/en/kn/ 
forschung0/active-perception-lab/) and Dr. Jason Kerr (Max Planck Institute for 
Biological Cybernetics, http://www.kyb.mpg.de/kerrgroup/index.html). Experience 
in one of the following in vivo techniques is welcome, 2-photon microscopy, 
behavioral training, and/or electrophysiology - but other backgrounds are no 
criterion for exclusion. We are looking for someone who can work independently 
and is highly motivated. The salary is TV-L E13 (German, public employee salary 
scale). According to German law, disabled persons with equal occupational 
aptitude will be given preferred consideration. The University of Tubingen strives 
to promote equal opportunities in science and is committed to increasing the 
percentage of female scientists in teaching and research. Qualified female 
candidates are thus strongly encouraged to apply. Interested applicants should 
submit their curriculum vitae, a letter of interest with a statement of career 
objectives, and the names and contact information of three individuals qualified 
to comment on the candidate’s prior achievements. Please send applications 
in electronic form to cornelius.schwarz@uni-tuebingen.de. 


Please indicate code number Zx53 


Executive Director 


Virginia Bioinformatics Institute at Virginia Tech 


Nominations and applications are invited for the position of Executive 
Director of the Virginia Bioinformatics Institute at Virginia Tech. The Executive 
Director will lead and direct the promotion and positioning of the Virginia 
Bioinformatics Institute as a premier trandisciplinary life sciences institute 
with research strengths in computational, molecular and systems biology, 
structural biology, infectious disease and cancer research, cyberinfrastructure 
for the life sciences, physics, complexity research, and policy informatics. The 
Institute was founded in 2000 and has quickly grown to 240 research and 
administrative personnel occupying more than 140,000 square feet of state- 
of-the-art research facilities at three sites: on the Virginia Tech campus, at 
the Virginia Tech Corporate Research Center (off-campus) and in Alexandria, 
Virginia, in the National Capital Region. The Institute has a combined annual 
operating and extramural research budget of more than $27 million, and is 
an organizational unit of Virginia Tech. 


The Executive Director will represent the Institute’s interests at the executive 
level within the university, with key directors or division officers at leading 


federal funding agencies, with corporate partners, and with private 


foundations. The Executive Director will report to the university president or 
designee; will interact with, respond to, and support the Institute’s Policy 
Advisory Board and Scientific Advisory Board; and will be responsible for 
overseeing the development and execution of the Institute’s strategic plan in 
support of the university’s strategic plan. 


VIRGINIA 
e : BIOINFORMATICS 

For further information 4 INSTITUTE 
AT VIRGINIA TECH 


Dr. Paul Knox WVirginiaTech 


Interim Director, Invent the Future 
Virginia Bioinformatics Institute 

University Distinguished Professor 

phone: (540) 231-2582; email: knox@vt.edu 


To apply, visit www.jobs.vt.edu and search by posting number 090199 
To learn more about VBI, please visit www.vbi.vt.edu 


www. vbi.vt.edu 


Responsibilities 

e Oversees the development of a recruiting strategy for executive personnel and 
key researchers. 

e Secures private, federal, state and corporate funding and support for the 
furtherance of the Institute’s research, education, and outreach missions, 
consistent with the university’s and the Institute’s long range plans. 

e Develops internal research resources that enable successful competition 
for high visibility, large-scale and highly complex research proposals in key 
research areas. 

e Enables a creative research environment responsive to key granting agency 
research directions and to further collaborative research goals on campus. 

e Advises university executive leaders of future research directions that will 
impact the university's research goals. 

e Ultimately responsible for budget and operations. 


Qualifications 

e Experience in leading and managing a research organization in a collegial or 
institutional environment as a scientific program director, project director, or 
principal investigator. 

e Significant post-doctoral or professional research experience in relevant 
scientific field(s). 

e Credentials consistent for appointment to rank of Professor. 

e Record of high-quality peer-reviewed publications and excellent track record of 
extramural funding from federal and state agencies, private foundations and/or 
corporations. 

e Creativity, high motivation, and leadership capabilities. 

e Excellent communication and collaboration skills. 

e Sound project management and laboratory management skills, if appropriate. 


e Excellent leadership in grantsmanship at an institutional level. 


Preferences 

e Experience in leading and developing a collaborative environment or culture in 
transdisciplinary research. 

e Ph.D. in Biology, Biochemistry or other Life Sciences discipline; Physics, 
Computer Science, Mathematics or other computational science discipline; 
with recognition of advanced scientific achievement. 


online @sciencecareers.org 


DN 
hs 
o 
= 
a 
So) 
Y 
s) 
= 
S 
9g 
DN 


€ Kumamoto University Location: Kumamoto, Japan 


Open Recruitment of Young Researchers (2"¢ Stage) 


. Open Recruitment of Researchers (2"4 stage) 


* Special project researchers (all given the title of “specially appointed assistant professor”) 


¢ A maximum of 3 researchers 


- Qualification Requirements 


(1) Academic degree, etc.: Young researchers who have obtained a PhD degree within 


approximately the past 10 years (as of April 1, 2009) 


(2) Achievements/ability: Has outstanding research capabilities and/or research achievements in 
one of the specialty areas outlined at the following website: http://sendou.kuma-u.jp/. 


. Arrival: As soon as possible between September 2009 and October 2009 


. Period of Employment 


* Those hired in stage 2 will be employed through March 2014. (Contracts will be for one year 


each and will be renewed once a year through March 31, 2014.) 


(Note: After having gone through career advancement evaluations and after the end of one’s term 
of employment, it is possible for one to be promoted to the position of “Associate Professor” 
in the Kumamoto University Priority Organization for Innovation and Excellence. A total of 
approximately 8 people from stages | and 2 will be chosen for these positions.) 


. Application Deadline: Applications must reach the university by no later than May 29, 2009 


(Friday). 


. Inquiries: Any inquiries should be made by e-mail to the Research Cooperation Section (person 
in charge of research strategy) of Kumamoto University at the e-mail address written below: 


k-senryaku@jimu.kumamoto-u.ac.jp. 


Please be sure to allow enough time before the application deadline for a response to be made to 


you. 


For details on applying, please visit the following website: http://sendou.kuma-u.jp/ 


Applications will not be accepted through our website. 


Shanghai Jiao Tong University 
Med-X-Renji Hospital 
Clinical Stem Cell Research Center 
P. R. China 


The newly established Med-X-Renji Hospital 
Clinical Stem Cell Research Center at 
Shanghai Jiao Tong University, P.R. China 
invites applications for the Director of the 
Center at the rank of Senior Research 
Scientist / Full Professor. Applicants 
should have a Ph.D. and/or M.D degree, and 
a strong record of experience in stem cell 
research with clinical application preferred. 
The candidate will be expected to help build 
the research center. Review of applications 
will begin May 15, 2009, and be continued 
until the position is filled. Startup fund and 
salary package will be determined based 
upon experience and qualification. A cover 
letter, curriculum vitae, a statement of 
research interests and visions for the center 
development, and a list of 5 references with 
addresses, e-mail addresses, and telephone 
numbers must be included in the application, 
and mailed to: Prof. Jiufu Luo, Associate Dean 
for Human Resource at Med-X Research 
Institute, Shanghai Jiao Tong University, 
Shanghai 200030, P.R. China. Telephone: 
86-21-62932359; Fax: 86-21-62932302; 
E-mail: jfluo@sjtu.edu.cn. 

SJTU is an Equal Opportunity/Affirmative 

Action Employer. 


DAUAN INSTITUTE OF CHEMICAL PHYSICS 
CHINESE ACADEMY OF SCIENCES 


Lab Director and Division Directors, 
Dalian National Laboratory for Clean Energy 


Dalian National Laboratory for Clean Energy (DNL), based mainly 
in Dalian Institute of Chemical Physics (DICP), Chinese Academy of 
Sciences (CAS), is looking for outstanding candidates for DNL director 
and directors for its nine research divisions: optimized utilization 
of fossil energy, low carbon catalysis and engineering, energy 
saving & energy environment, fuel cell & energy storage, hydrogen 
energy, biomass energy, solar energy, maritime renewable energy, 
basic & strategic studies on energy, and service center for energy 
researches. More details about DICP can be found at http://www. 
dicp.ac.cn/. 


Successful candidates for these positions should have a Ph. D. 
degree and are expected to be an accomplished scientist in his or her 
academic field, who has demonstrated a strong record of scientific 


publications in leading scientific journals. Candidates for the DNL 
director should be under age of 55 and at the rank of full professor or 
equivalent position with a track record of management in universities 
or research institutions; while candidates, applying from abroad, for 
the DNL division directors should be at the rank of associate professor 
or above, and under age of 50. 


Successful candidates will be provided with competitive salary and 
benefits. A generous start-up research fund for each successful 
candidate will also be provided. 


Candidates, who are interested in these positions, should send a 
complete CV and publication list to Dr. Hua’an Zhang, Department of 
Personnel (86-411-84379556, talents@dicp.ac.cn), Mr. Zhiyuan Mao 
(maozy@dicp.ac.cn), Prof. Can Li (canli@dicp.ac.cn) and Prof. Tao 
Zhang (taozhang@dicp.ac.cn). 


INSTITUT DE PHYSIQUE DU GLOBE DE PARIS 


Earth - Planets - Environnement - Natural Hazards 


DIRECTOR 


The Institut de Physique du Globe de Paris 
(IPGP) is seeking applications for the 
position of Director of IPGP, which will begin 
October 1, 2010. 


INSTITUT DE PHYSIQUE 
DU GLOBE DE PARIS 


The IPGP is the largest institute of Earth Sciences in France and also 
one of the largest in Europe. The Institute conducts research and 
education in geology, geophysics, geochemistry and the environmental 
sciences. It is in charge of monitoring the three active French volcanoes 
(Guadeloupe, Martinique, La Réunion) through its volcanic and seismo- 
logic observatories. It is also in charge of the magnetic observatory of 
Chambon-la-Foret (international INTERMAGNET network) and the 
global seismological network GEOSCOPE. IPGP currently employs 
about 300 permanent researchers and staff. There are in addition some 
200 MSc and PhD students, post-docs and visitors. 

The Director will be responsible for supervising the Institute’s research 
and teaching activities, including general administrative tasks, and 
conducting negotiations with national and European funding agencies. 
The Director is also the chair of the Institute’s scientific Council, whereas 
the IPGP Board is chaired by a scientist from outside IPGP. 
Candidates are expected to be highly accomplished scientists. They will 
be evaluated on the basis of their academic record in research and 
teaching, their experience in management, and their vision for the future 
of IPGP. Interested candidates should submit a two-page vision 
statement, their Curriculum Vitae and names of three individuals who 
are willing to be contacted references. 


Applications must be received by June 15, 2009. 


Application materials should be sent to: 
Lydia Zerbib - IPGP General Secretary, Institut de Physique du Globe 
4 Place Jussieu, 75252 Paris Cedex 5, France 
E-mail: zerbib@ipgp.fr - www.ipgp.fr 


Medical College of Wisconsin 
Chairman - Department of Biochemistry 


The Medical College of Wisconsin (MCW) invites applications and nominations for a visionary leader to chair the Department of Biochemistry. 
The successful applicant will assume leadership of a nationally distinguished Department with 13 full-time, funded investigators, in all academic 
endeavors, including the education of medical and graduate students. Areas of research range from cell and developmental biology to structural 
biology with a unifying theme in biological processes at the molecular level. The department is home to state-of-the-art facilities and instruments 
for X-ray crystallography, NMR spectroscopy, mass spectrometry and fluorescence microscopy. 


We are seeking candidates with outstanding leadership skills, a distinguished record of scientific achievement, training and mentoring, a vigorous 
externally funded research program, and national and international professional involvement consistent with the rank of Professor. Applicants will 
be considered with research interests in all areas of biochemistry. An attractive recruitment package is available that will enable the new chair to 
lead efforts for future growth with the potential addition of new faculty recruits and laboratory space. The successful candidate will play a major 
role in integrating the Biochemistry faculty into MCW strategic initiatives in cancer, cardiovascular and neuroscience research and will assume a 
leadership role within the institution. 


online @sciencecareers.org 


MCW has a history of providing outstanding medical and graduate education, conducting novel biomedical research, providing innovative and 
compassionate patient care, and community service. We aim to attract and retain leaders who value creativity, integrity, excellence and innovation 
by cultivating a collaborative environment that offers a high-quality work life and advances the strategic direction of MCW to become the 
destination of choice for world class faculty and staff. 


MCW is located on a suburban 248-acre, park-like campus. With 13,500 alumni, MCW has established itself as one of the nation’s premier 
medical schools, offering Master’s degrees, Ph.D. degrees, and Doctor of Medicine degrees. MCW is a major national research center with 
more than $92 million in NIH support for biomedical research, which positions MCW among the top third of the nation’s 125 medical colleges. 
In fiscal year 2007, external support for research, teaching and training totaled $135 million. 


Science Careers 


Interested applicants should submit a full curriculum vitae and letter of interest to: 


Biochemistry Search Committee 
c/o Office of the Dean 
Medical College of Wisconsin COLLEGE 
HYSICIAN: 8701 Watertown Plank Road, Milwaukee, WI 53226 OF WISCONSIN 


Questions may also be directed to Dr. Andrew Greene, Chair of Search Committee, at agreene@mcw.edu. 
For additional information, please visit the departmental website at 
http://www.mcew.edu/biochemistry. 


MCW promotes diversity and encourages applications from women and minorities. EOE/M/F/D/V 


The National Human Genome Research Institute “sx, 

National Institutes of Health EQ: 

Department of Health and Human Services Ses | Postdocto ral ( ) 
DIRECTOR . Fellowships 2009 


The Office of the Director, National Institutes of Health (NIH), is seeking | . a CSIRO 
exceptional candidates for the position of Director, National Human Genome | National Opportunities. 


Research Institute (NHGRI). The incumbent serves as the leader to an 
organization which conducts and supports pioneering approaches to bio- 
medical and behavioral research in genetics and genomics to advance | CSIRO is Australia’s national science organisation 
scientific understanding of diseases affecting public health today. The | with over 6,500 staff located across the country. 
organization plays an additional role in the dissemination of genomic . . 

h findings to health professionals and the public; the study of the It is one of the largest and most diverse 
researc g ealth pi Pp ; ly ae : ae 
ethical, legal and social implications of genome research and the support research OlSah salons it the world, with its 
of training programs for young investigators. The Director, NHGRI, pro- | research delivering solutions for agribusiness, the 
vides overall leadership for the research portfolio; sets Institute policies; | environment, information and communication 
develops scientific, fiscal, and management strategies to oversee the | technologies, health, advanced materials 
research portfolio; and coordinates genomics research initiatives for the NIH | | and manufacturing, minerals and energy, services, 
with other Federal, private, and international programs. In addition, the iI transport and infrastructure. 
Institute supports international meetings, workshops, and other activities | 
essential to the efficient international coordination and exchange of genomics I The CSIRO Postdoctoral Fellowship Scheme 
data within the global research community. I provides the opportunity for postgraduates to 
Applicants must possess an M.D., Ph.D., or a comparable degree in the health I undertake postdoctoral research projects within 
sciences field, plus senior-level experience and outstanding scientific | CSIRO fora period of three years. 20 exciting 
knowledge of research programs in one or more scientific areas related to I postdoctoral positions are now being offered 
genetics or molecular biology and demonstrated expertise in policy develop- | across a broad range of disciplines. 
ment regarding genetic research and the ethical, legal, and social implications } 
of such research. Salary is commensurate with experience, and a full pack- 
age of benefits (including retirement, health and life insurance, long-term 
care insurance, Thrift Savings Plan participation, etc.) is available. A 
detailed vacancy announcement, along with mandatory qualifications and 
application procedures, can be obtained via NIH’s Executive Jobs 
website: http://www.jobs.nih.gov/vacancies/executive.htm. Questions on : : : ‘ 
application procedures may be addressed to Regina Reiter at (301) 402-1130. Detailed information on the projects on 
CV, bibliography, and a statement addressing the qualifications requirements offer and how to apply, can be found at 
must be received by close of business July 17, 2009. www.csiro.au/careers 


DHHS and NIH are Equal Opportunity Employers 


International Reach. 
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Science Careers 


Nontraditional Careers: 
Opportunities Away From the Bench 


Webinar 


Want to learn more about exciting and rewarding careers 
outside of academic/industrial research? View a roundtable 
discussion that looks at the various career options open to 
scientists across different sectors and strategies you can 


use to pursue a nonresearch career. 


Now Available 
On Demand 


www.sciencecareers.org /webinar 


Participating Experts: 

Dr. Lori Conlan 

Director of Postdoc Services, 

Office of Intramural Training and Education 
National Institutes of Health 


Pearl Freier 
President 
Cambridge BioPartners 


Dr. Marion Miiller 

Director, DFG Office North America 
Deutsche Forschungsgemeinschaft 
(German Research Foundation) 


Richard Weibl 

Director, Center for Careers in 
Science and Technology 
American Association for the 
Advancement of Science 


Produced by the 
Science/AAAS Business Office. 


Science Careers 


From the journal Science PVAAAS 


A neurochemistry postdoctoral 
position is available immediately 
in the laboratories of Dr. Nicholas 


E. Goeders in the Department of 


Pharmacology, Toxicology & 
Neuroscience at the LSU Health 
Sciences Center in Shreveport. 
This position will be part of a team 


investigating the neurobiology of 


stress and addiction, with special emphasis on the 
brain mechanisms involved in drug craving and 
drug seeking. Applicants should have training 
in the operation and maintenance of commer- 
cial mass spectrometers and HPLC. Salary will 
be $28,000-$51,036 depending on experience. 
Applications should include a CV, a list of pub- 
lications and the names of references familiar 
with the applicant’s work. The LSU Health Sci- 
ences Center in Shreveport, located in northwest 
Louisiana, is the largest medical facility in the 
Tri-State area and has a reputation for excellence 
in medical and graduate student education and 
research. Excellent core facilities exist within the 
LSU Health Sciences Center and the adjoining 
Biomedical Research Institute. 


Nicholas E. Goeders, Ph.D. 
Professor and Head 
Department of Pharmacology, Toxicology, 
& Neuroscience 
LSU Health Sciences Center 
P.O. Box 33932 
Shreveport, LA 71130-3932 
NGOEDE@LSUHSC.EDU 
www.sh.lsuhsc.edu 


Louisiana State University is an Equal 
Opportunity/Affirmative Action Employer. 


DNA Sequencing and Computational Biology 
Core Facility Director 
Health and Human Services (HHS) 
National Institutes of Health (NIH) 
National Heart, Lung and Blood Institute (NHLBI) 


An expert is sought in the area of Computational Biology with an emphasis on next-generation DNA 
sequence analysis to direct the DNA Sequencing and Computational Biology (DSCB) Core Facility, Division 
of Intramural Research (DIR), National Heart, Lung and Blood Institute (NHLBI), NIH in Bethesda, Maryland 
USA. The successful applicant will interact with DIR Principal Investigators in the design and interpretation 
of experiments involving all applications of the [l]lumina/Solexa DNA sequencing platform, including chro- 
matin immunoprecipitation, RNA expression profiling, and both targeted and whole-genome DNA sequence 
determination. He/she will oversee DSCB Core Facility personnel in the maintenance and operation of Core 
sequencing instruments, in the introduction of standard operating procedures and QA/QC measures, in estab- 
lishing a comprehensive sequence analysis pipeline, in basic bioinformatics studies for the presentation of 
sequence output to end users, and in original collaborative research at the interface between genomics and 
proteomics. State-of-the-art IT infrastructure and support will be provided. 


The DSCB Core Facility is part of an NHLBI DIR Initiative in Systems Biology, and the DSCB Core Director 
is expected to interact closely with the Director and staff of an independently operated DIR Proteomics Facility. 
Although the DSCB Core Facility is oriented toward providing service and conducting collaborative research, 
the Director will have the opportunity to devote up to 20% of his/her time to undertaking a personal research 
program in the area of integrative computational biology. The mission of the DIR is to improve the health of 
all Americans through basic and clinical research, research training, and translation of discoveries to new tools 
to be applied directly to the field of medicine. 


We are seeking an experienced scientist (with Ph.D. or equivalent) with an outstanding track record in com- 
putational biology research. Wet laboratory skills relevant to next-generation DNA sequencing technology 
would be advantageous but are not essential. Salary will be commensurate with qualifications and experience. 
More detailed information about the NHLBI Division of Intramural Research may be found at: 
http://dirnhlbi.nih.gov/ . 

Applicants should submit the following: cover letter highlighting key qualifications; current curriculum vitae 
with complete bibliography; names and addresses of four references; a one-page summary of the applicant’s 
philosophy of core facility operation; and a one-page description of current and future research interests. 
Applications must be received by June 15,2009. PDF versions of documents sent by electronic mail are 
strongly preferred. Materials should be sent to Dr. Alan M. Michelson c/o: Trina Gregory, Administrative 
Officer, NHLBI, by email: gregoryp@nhlbi.nih.goy; or by regular mail: Building 10, Room 7N220, 10 
Center Drive MSC 1670, Bethesda, MD 20892-1670. 


HHS and NIH are Equal Opportunity Employers 


Eastern Illinois University invites 
applications for Chair, Department 
of Biological Sciences, 12 month posi- 
tion beginning July 1, 2010. The Chair 
is responsible for administration of all 
instructional programs in Biological 
Sciences. The Department includes 25 
tenured/tenure track faculty and large 
undergraduate and graduate programs. 
Qualifications include a Ph.D. in Bio- 
logical Sciences or a related field with 
a teaching, research and service record 
commensurate for tenure and the rank 
of full professor. Candidates must have 
a strong commitment to undergraduate 
and graduate programs and the advance- 
ment of faculty/student mentoring and 
research programs. 


For more information on this posi- 
tion and application instructions, see 
the website at: http://www.eiu.edu/ 
~colsci/biochair.php. 


Employment Opportunities 
WY West Virginia University. 


Professor and Chair 
Department of Basic Pharmaceutical Sciences 


The School of Pharmacy is seeking an accomplished academic leader and scientist to serve as 
Professor and Chair of the Department of Basic Pharmaceutical Sciences. The position is a fully 
funded, 12-month appointment at the rank of professor or associate professor with tenure. Faculty 
rank and salary are commensurate with qualifications. The successful candidate will have the 
leadership skills and vision required to achieve the research, education, and service missions of the 
department and to promote collaborative research efforts. 


Excellent opportunities exist for collaborations with faculty involved in drug discovery and 
therapeutics, as well as translational and population-based research. Recent Health Sciences Center 
research infrastructure additions include two research buildings that collectively provide 
approximately 200,000 sq. ft. of research space and a new Library Learning Center. The School of 
Pharmacy has active research collaborations with scientists in the campus-based NIOSH research 
facility, the Mary Babb Randolph Cancer Center, the WVU Center for Neuroscience, and the 
WVNano Initiative in nanoscience. WVU offers interdisciplinary Ph.D. research training programs 
in the biomedical sciences as well as a professional Pharm.D. degree. 


Qualifications: Doctoral degree in a pharmaceutical science or related discipline, an active 
federally-funded research program, experience in program administration and planning, and 
experience in graduate and professional student education. 


West Virginia University is a land grant Carnegie-designated Doctoral Research/Extensive institution, 
with approximately 27,000 undergraduate and 5,500 graduate/professional students. The WVU Health 
Sciences Center includes the Schools of Pharmacy, Medicine, Dentistry, and Nursing. Morgantown 
has 55,000 residents and is rated as one of the best small towns in the U.S., with affordable housing, 
excellent schools, a picturesque countryside and many outdoor activities. 

The position is available immediately, and applications will be accepted until an appointment is 
made. Applications must include a formal letter of application; curriculum vitae; and the names, 
addresses (including e-mail), and phone numbers of three references. Please submit all application 
materials to: Dr. Terry Schwinghammer, West Virginia University School of Pharmacy, 
P.O. Box 9520, Morgantown, WV 26506; telephone (304) 293-2573; fax (304) 293-7672. 
Electronic submissions are encouraged: tschwinghammer @hsc.wvu.edu. 

For more information, please visit 


www.hsc.wvu.edu 


WVU is an AA/EOE Employer. Minorities, persons with disabilities and women are encouraged to apply. 


online @sciencecareers.org 
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Center for Immunology and Microbial Disease 
Albany Medical College 
Faculty Position 


The Center for Immunology and Microbial Disease at Albany Medical Col- 
lege invites applications for a tenure-track faculty position from individuals 
who have a doctoral degree, postdoctoral experience, and demonstrated 
research productivity. Those with an interest in host-pathogen interac- 
tions are particularly encouraged to apply. The successful candidate will 
be expected to establish an independent, extramurally funded research 
program and participate in the teaching of medical and graduate students. 
The basic science departments at Albany Medical College are organized 
as interdisciplinary research centers and the Center for Immunology and 
Microbial Disease has a focus on microbial pathogenesis and immune 
defense, particularly as related to biothreat agents and emerging infec- 
tions. Faculty at the Albany Medical College receive competitive salaries, 
attractive start-up packages, and access to the Center’s ABSL-3/BSL-3, 
Microbiology and Immunology Core Labs. In addition, we have estab- 
lished a close relationship with the New York State Department of Health 
Wadsworth Laboratories, providing a diverse environment that is rich in 
infectious disease expertise. Albany Medical College is located in a mid- 
sized city within the upstate New York Capital Region, and has easy access 
to Boston, New York City, and the Adirondack Mountains. 


Applicants should send their curriculum vitae, a statement of research 
plans, and three letters of reference to: Dennis W. Metzger, Ph.D., 
Professor, Theobald Smith Alumni Chair and Director, Center for 
Immunology and Microbial Disease, Albany Medical College, 47 New 
Scotland Avenue, MC-151, Albany, NY 12208. 


For further information about the Center, visit www.amc.edu/Academic/ 
Research/imd.htm. 


An Equal Opportunity/Affirmative Action Employer. 
Women and minorities are encouraged to apply. 


ASSISTANT/ASSOCIATE 
PROFESSOR 
OF BIOCHEMISTRY 


The Department of Biochemistry, University of Missouri, invites 
applications for a tenure-track Assistant or Associate Professor posi- 
tion from scientists applying biochemical and molecular approaches 
to the study of fundamental biological processes related to health and 
disease. We are particularly interested in individuals who would com- 
plement existing research strengths in neurodegenerative diseases, 
inflammation, radiopharmaceuticals, molecular nutrition, diabetes/ 
cardiovascular disease, cancer and ageing. The University is noted 
for interdisciplinary research programs including a multidisciplinary 
Life Sciences Center, a NIH-funded Imaging Center that comple- 
ments a productive institutional nuclear reactor and an International 
Institute for Nano and Molecular Medicine. Position qualifications 
include a Ph.D. and/or M.D. in biochemistry or related field and 
postdoctoral experience. The successful applicant will develop or 
continue an outstanding research program and contribute to Depart- 
mental teaching activities. 


Submit a curriculum vitae and descriptions of current and planned 
research activities, and have three letters of reference sent to: Chair 
Biochemistry Search Committee, Department of Biochemistry, 
117 Schweitzer Hall, University of Missouri, Columbia, MO 
65211. Electronic submission to biochemsearch@missouri.edu is 
encouraged. Review of applications will begin July 1, 2009. 


MU is an EEO/AA/ADA Employer, and encourages applications 
from women and minorities. For ADA accommodations, please 
contact our ADA Coordinator at (573) 884-7278 (V/TTY). 


Associate or Full Professor 


Thomas Jefferson University, Department of Pathology, Anatomy & Cell Biology 
invites applicants for research faculty positions at the level of Associate Professor or 
Full Professor (tenure track) with scientific interests in neuroscience, cardiovascular 
biology and pathology, or tumor development and metastasis. Successful candidates 
will interact and develop collaborations with well-established investigators in these 
and related areas, with the goal of developing effective, multi-investigator groups in 
focused research themes. 


Applications from individuals with MD, MD/PhD, PhD or equivalent degrees, 
investigative les ae and active grant funding are welcome. Preference will be 
accorded to federally funded investigators with vigorous research programs in the tar- 
get areas listed, and to those with established capabilities of collaborating effectively 
with others. Training in Pathology, and the ability to participate in clinical activities 
relevant to the research focus is optional. 


Applicant qualifications will determine the level of appointment, faculty track, 
including tenure or tenure-track, and the availability of additional positions as part of 
the recruitment package. 


Thomas Jefferson University is home to one of the largest and most active groups of 
investigators in a Department of Pathology in the United States. Key areas of inter- 
est siclade neurodegenerative diseases and neuroAIDS, cellular signaling pathways, 
alcohol-induced tissue and cellular injury, computational and systems biology, tumor 
invasion and metastasis, matrix biology, and gene therapy. The University has iden- 
tified four strategic areas for research growth: oncology, neurosciences, cardiovascular 
biology and infection and immunity. Active transdepartmental centers, including the 
Kimmel Cancer Center, the Farber Institute for cence and the Wills Eye 
Institute provide a framework for programmatic development. Important collabora- 
tions both among departmental investigators and between departmental scientists 
and others on campus encompass the areas of concentration for which we currently 
seek applicants. 


All correspondence should include the following: curriculum vitae; names and con- 
tact information for at least three professional references; summary of current and 
pending grant support; and an introductory letter emphasizing professional and 
investigative goals, active collaborations and anticipated career development. 


Please address all correspondence to: David S. Strayer, MD, PhD, Professor, Head, 
Faculty Search Committee, c/o Ms. Jennifer Jackson, 279 Jefferson Alumni Hall, 
Department of Pathology, Jefferson Medical College, Thomas Jefferson 
University, 1020 Locust Street, Philadelphia, Pennsylvania 19107. Apply at our 
website wwwjefferson.edu/careers refer- 
ence #52657. Also send by email to 

Kathleen.welsh: pce aniieli and ce: Jef ferson. 
Jennifer.jackson@jefferson.edu. EOE 


ETH 


Eidgendssische Technische Hochschule Zurich 
Swiss Federal Institute of Technology Zurich 


Professor of Crop Science 


The Department of Agricultural and Food Sciences (www.agrl. 
ethz.ch) at ETH Zurich invites applications for a professorship 
of Crop Science. 


The new professor is expected to develop an internationally 
recognized research program in plant breeding with an empha- 
sis on the development of crops adapted to abiotic and/or biotic 
stresses for increased sustainable plant production or on the 
development of crops with improved quality for human nutri- 
tion. The research will focus on the field level and comprise 
investigations from the single plant trait level to the landscape 
level and will be relevant both for industrialized and develop- 
ing countries. 


The successful candidate will be expected to teach under- 
graduate level courses (German or English) and graduate level 
courses (English) in the field of crop science and plant breeding. 
Collaboration in research and teaching is expected within the 
Institute of Plant Science and with other groups of the ETH 
domain and related institutions. 


Please submit your application together with a curriculum 
vitae, a list of publications, a statement of research and teach- 
ing interests, and the names and contact information of three 
possible referees to the President of ETH Zurich, Prof. Dr. 
Ralph Eichler, Raemistrasse 101, 8092 Zurich, Switzerland, 
no later than June 30, 2009. With a view toward increasing 
the number of female professors, ETH Zurich specifically 
encourages female candidates to apply. 


CONFERENCE 


8th INTERNATIONAL 


BIO FORUM& 


BIO EXPO JAPAN 


July 1 wea — 3 tri, 2009 
To kyo B i g S i g ht, J a ) an Expand your Business throughout Japan/Asia! 


Organised by: Reed Exhibitions Japan Lid. 


10 Exhibitors! 
Official Sponsors : nature : : ici! " Conferences /Seminars! Meet your Potential Partners and Grow New Seeds! 


23,000’ Visitors! Sets 


for more information »»> http:/www.bio-expo.jp/english/ 


bioexpo ame, 


INT’L BIO FORUM & BIO EXPO JAPAN Show Management Reed Exhibitions Japan Ltd. 
Reed Exhibitions 18F Shinjuku-Nomura Bldg., 1-26-2 Nishishinjuku, Shinjuku-ku, Tokyo 163-0570, Japan 
~ 


Organised by 


TEL: +81-3-3349-8509 FAX: +81-3-3349-4922 E-mail: bio-pr@reedexpo.co.jp 


4a ILyot 
Ho DC  Assistant/Associate Professor 


The Division of Cancer Immunotherapeutics and Tumor Immunology invites applications 
ScienceCareers.org/ booklets for a tenure track faculty position in cancer immunology, focusing on either basic or 
translational research. Applicants with proven accomplishments demonstrated by peer- 
reviewed publications in the area of Cancer Immunotherapeutics and Tumor Immunology 
CAREER Careers Away h are encouraged to apply. Applicants must have demonstrated success in interacting with 
TRENDS on eee colleagues inside and outside their institution. The Division will soon occupy a new 

building with state-of-the-art laboratory facilities. Research in cancer immunology is 
supported by multiple core facilities through a Cancer Center Support Grant, including 
high throughput screening, mass spectrometry, small animal imaging, flow cytometry 
and biostatistics. Translational research is supported by an FDA-compliant biologics 
manufacturing facility for antibodies, cell therapeutics and DNA vaccines and vectors. 
The new building will house a state-of-the-art cell production facility for individual patient 
cell therapeutics as well as a clinical radiopharmacy. 


APh.D. or M.D. is required for this position. Qualified applicants should submit a statement 
of research interests dealing specifically on how the applicant would effectively utilize the 
resources and collegial interactions at City of Hope. Send statement of relevant experience, 
curriculum vitae, and names/addresses of three references to: 
Cancer Immunotherapeutics and Tumor Immunology Search Committee 
c/o Ms. Kim Lu 
Basic Research Operations 
City of Hope 
1500 E Duarte Road 
Duarte, CA 91010 
E-mail: facultyrecruit@coh.org 


City of Hope, a non-profit research and educational institution, and an NCI-designated 
Comprehensive Cancer Center, is located 25 miles northeast of Los Angeles. City of Hope 
From the journal Science PAVAAA offers a competitive salary and benefits package. 


City of Hope is an Affirmative Action/Equal Opportunity Employer. 
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POSITIONS OPEN 


ASSOCIATE PROFESSOR 
University of California, Irvine 
Department of Pharmaceutical Sciences 


The Department of Pharmaceutical Sciences at Uni- 
versity of California, Irvine invites applications for a 
50 percent time, tenured faculty position in the area 
of drug design and development, with a particular 
emphasis on translational research and the treatment 
of cancer. The appointment will be made at the Asso- 
ciate or Full Professor level, commensurate with the 
applicant’s qualifications and experience. The success- 
ful candidate will be expected to have active basic and 
clinical research programs in the area of targeted drug 
action, and in addition, experience translating basic re- 
search results expeditiously into clinical applications. 

Interested applicants should submit curriculum vitae, 


the names of three prominent references, and a brief 


outline of future research plans. Application instructions 
can be found at website: https://recruit.ap.uci.edu. 
Review of applications will begin immediately. To en- 
sure full consideration, applications and all supporting 
materials should be received by May 22, 2009. The 
position will remain open until filled. 

UCT is an Equal Opportunity Employer committed to excellence 
through diversity and strongly encourages applications from all 
qualified applicants, including women and minorities. 


POSTDOCTORAL POSITION, BOSTON 
in TUBEROUS SCLEROSIS AND LAM 


The Henske laboratory at Harvard Medical School 
and the Brigham and Women’s Hospital is seeking a 
highly motivated Postdoctoral Fellow with training in 
genetics, biochemistry, or cell biology to study tuberous 
sclerosis complex (TSC) and/or lymphangioleiomyo- 
matosis (LAM). Please send curriculum vitae, cover let- 
ter, and names of three references to: Dr. Elizabeth 
Petri Henske, Brigham and Women’s Hospital, One 
Blackfan Circle, 6th Floor, Boston, MA 02115. Or 
e-mail: henskelab@gmail.com. BWH is an Affirmative 
Action/Equal Opportunity Employer. 
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From the journal Science 


POSITIONS OPEN 
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If! WASHINGTON 


POSTDOCTORAL POSITION: NIH T32 train- 
ing grant is available at the University of Washing- 
ton, Division of Rheumatology, July 2009. Research 
includes: the role of B cells in autoimmunity (Jeff 
Ledbetter); targeting of costimulatory molecules in 
autoimmunity, how defects in apoptosis lead to inflam- 
mation and autoimmunity (Keith Elkon). Candi- 
dates must have an M.D., Ph.D., or M.D.-Ph.D. and 
must be a U.S. citizen or green card holder and should 
have experience in immunology and/or molecular bi- 
ology. Submit a cover letter with interests and goals, 
curriculum vitae, and three reference letters to: Cathy 
Johnson, e-mail: pingpong@u.washington.edu. 

The University of Washington is an Affirmative Action, 
Equal Opportunity Employer. 


POSTDOCTORAL POSITION 


NIH-funded Postdoctoral position in cellular and 
molecular immunology to study mechanisms contrib- 
uting to Th2 memory cell development and associated 
host protective effects on helminth parasites. Highly 
motivated researchers having experience using mouse 
models to investigate the immunology of infectious 
disease and/or study immune regulatory mechanisms 
are preferred. Please submit curriculum vitae and three 
letters of reference to e-mail: gausewc@umdnj.edu. 
William C. Gause, Ph.D., University Professor, Uni- 
versity of Medicine and Dentistry of New Jersey— 
New Jersey Medical School, Department of Medicine. 
UMDN] is an Affirmative Action/Equal Opportunity Em- 
ployer, Minorities/Females/Persons with Disabilities/ Veterans, and 
is a member of the University Health Systems of New Jersey. 


CAREER OPPORTUNITY 


Doctor of Optometry (O.D.) degree in 27 months 
for Ph.D.s in science and M.D.s. Excellent career op- 
portunities for O.D./Ph.D.s and O.D./M.D.s in re- 
search, education, industry, and clinical practice. This 
unique program starts in March 2009, and features 
small classes and 12 months devoted to clinical care. 

Contact the Admissions Office, telephone: 
800-824-5526 at the New England College of Op- 
tometry, 424 Beacon Street, Boston, MA 02115. 
Additional information at website: http://www.neco. 
edu, e-mail: admissions@neco.edu. 
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PNAS Congratulates 


2008 Cozzarelli Prize 
Recipients 


he Proceedings of the National Academy of Sciences (PNAS) has selected 6 outstanding articles for the 

2008 Cozzarelli Prize, in recognition of their scientific excellence and originality. Winners were selected 
from the 3,500 research articles published online in PNAS in 2008 and represent exceptional contributions 
to the 6 broadly defined classes under which the National Academy of Sciences is organized. 


2008 COZZARELLI PRIZE RECIPIENTS 


Cuass I: PHystcAL AND MATHEMATICAL SCIENCES 
Fluid helium at conditions of giant 

planetary interiors 

Lars Stixrude and Raymond Jeanloz 

(2008) PNAS 105:11071-11075 


Crass IT: BlOLOGICAL SCIENCES 

MicroRNA-directed transcriptional gene silencing 
in mammalian cells 

Daniel H. Kim, Pal Seetrom, Ola Sneve, Jr., and John J. Rossi 
(2008) PNAS 105:16230-16235 


Cass II: ENGINEERING AND APPLIED SCIENCES 
The implications of human metabolic network 
topology for disease comorbidity 

D.-S. Lee, J. Park, K. A. Kay, N. A. Christakis, Z. N. Oltvai, 
and A.-L. Barabasi 


(2008) PNAS 105:9880-9885 


Podcast interviews with the authors will be available at 
www.pnas.org/site/misc/podcasts.shtml 


Crass IV: BIOMEDICAL SCIENCES 

Neurons derived from reprogrammed fibroblasts 
functionally integrate into the fetal brain and improve 
symptoms of rats with Parkinson's disease 

Marius Wernig, Jian-Ping Zhao, Jan Pruszak, Eva Hedlund, 
Dongdong Fu, Frank Soldner, Vania Broccoli, Martha 
Constantine-Paton, Ole Isacson, and Rudolf Jaenisch 

(2008) PNAS 105:5856-5861 


Crass V: BEHAVIORAL AND SOCIAL SCIENCES 
Cross-modal individual recognition in 
domestic horses (Equus caballus) 

Leanne Proops, Karen McComb, and David Reby 
(2009) PNAS 106:947-951 


Cass VI: APPLIED BIOLOGICAL, AGRICULTURAL, 

AND ENVIRONMENTAL SCIENCES 

Decreases in dengue transmission may act to increase 
the incidence of dengue hemorrhagic fever 

Yoshiro Nagao and Katia Koelle 

(2008) PNAS 105:2238-2243 


PNAS 


www.pnas.org 


R&D Systems 
High Performance Antibodies. 


For research use only. Not for use in diagnostic procedures. 


For details about the images above, please visit our website at www.RnDSystems.com/go/AntibodyAd 


R&D Systems Tools for Cell Biology Research™ 


USA &Canada R&D Systems, Inc. Tel: (800) 343-7475 info@RnDSystems.com 
Europe R&D Systems Europe, Ltd. Tel: +44 (0)1235 529449 info@RnDSystems.co.uk 
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